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ABSTRACT 


The commercial production of low-cost semiconductor-grade silicon is 

an essential requirement of the JPL/DOE (Department of Energy) Low-Cost Solar 

Array (LSA) Project. A 1000-metric-ton-per-year commercial facility using 

the Union Carbide Silane Process will produce molten silicon for an estimated 

price of $7,S6/kg (1975 dollars, private financing), meeting the DOE goal of 
less than $10/kg. 

Conclusions and technology status are reported for both contract phases, 
which had the following objectives: 

• Establish the feasibility of Union Carbide's Silane Process 
for commercial application, and 

• Develop an integrated process design for an Experimental Process 
System Development Unit (EPSDU) and a commercial facility, and 
estimate the corresponding commercial plant economic performance. 


To assemble the facility design, the following work was performed: 

(a) collection of Union Carbide's applicable background technology; 

(b) design, assembly, and operation of a small integrated silane-producing 
Process Development Unit (PDU); (c) analysis, testing, and comparison of two 
high-temperature methods for converting pure silane to silicon metal; and 

(d) determination of chemical reaction equilibria and kinetics, and vapor- 
liquid equilibria for chlorosilanes. 
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SECTION 1 
INTRODUCTION 

This report presents the conclusions from two phases ot work by the 
Union Carbide Corporation (UCC) for the Jet Propulsion Laboratory under 
Contract 954334. Phase I began in October, 1975, and Phase II in October, 1977. 

This contract, a part of the JPL/DOE (Department of Energy) Low-Cost 
Solar Array (LSA) Project, had the objective to develop the process technology 
for the manufacture of semiconductor-grade silicon in a large commercial plant 
b- 1986, at a price of not more than $10 per kilogram of silicon based on 19 7 5 
dollars, 

1.1 BACKGROUND 

Union Carbide began producing metallurgical-grade (M-G) silicon at 
Niagara Falls, N.Y., in the 1920's and, in the early 1930's, expanded produc- 
tion capacity by constructing a new facility in Alloy, W. Va. The corporation 
is still a major commercial supplier of metallurgical silicon. 

Because of a continuing interest in silicon chemistry, a series of re- 
search projects that began at the Tonawanda Laboratories in 1940 resulted in 
the development of several commercially useful silicon compounds. Two pro- 
cesses researched during this effort have direct application to the present 
silane-silicon process: 

• The copper-catalyzed, high- temperature hydrogenation reaction for 
producing trichlorosilane from M-G silicon and silicon tetrachloride 
in a fluid-bed reactor. 

• The technique for redistributing trichlorosilane to dichlorosilane. 

These research projects led ultimately to the construction of a large commer- 
cial facility for producing silicon compounds in Sistcrsville, W. Va., in 1955 
and to the formation of the Silicones Division in 1956. Further research in 
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man)’ areas over the cnsuinR years 
pl i Kliments : 


has produced a number of relevant ace 


com- 


• KMearch work at Sistersvillo in the early I960-* resulted in the 

phosnhorou- 0 ^ T" 1 "* 10 " '" e "~ C “ lwWc ° f «*«*** Heron and 
1 nosplioxou.j contaminants in trichlorosl inm i* *. 

ex iciuoiosiiane to extremely low levels 

t ::::ur o,w of «— •- - 

silane. ™““»tratie„s of these continents in trtchl.ro- 

• In the early 1.70-a chlorosilane redistribution equilibria and 
ties were studied extensively usi„ 8 various catalysts. Rohn 
nd Haas- Amberlyst©A-21 catalyst was found to support highly atis- 
tactory redistribution reaction rates for chlorosilanes. This 
cataiyst was used to produce commercial dichiorosilane by redistri- 
utin 8 trichlorosilane, and to produce silane by redistribute 
dichiorosilane. These two distribution reactions over A -21 catalyst 
are used in the present silane-silicon process. ’ 

* r°7 cine siian ° by ti,e trichi °™ii»"<.-<>thanoi 

the union CaLd. Jury TZ£' nTl " ^ m?> 

sUano by the ,«o, ten-salt process' for 'ti, 


’ r :,:: i ::V-; il ; 0l0 “' t0r l' roduci, >S semiconductor-grade silicon by 

t n 1,1 h “ tcd <*“« *«*• »as developed at 

■ a., a Ohio, Research Laboratories, and silane produced by the 
w ten-salt Process was pyrolycod to yield silicon Lai. £ tl i- 
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activities in a coherent fashion. As a result, the wide expertise was made 
available to support a more focused effort. The available technologies 
included silicon chemistry; gas-phase pyrolysis; fluid-bed technology; ana- 
lytical and electronic evaluation; economic analysis and forecasting; 
safety, hazards, and toxicity; molten-salt technology; and process engineering 

Corporate research activities were resumed in early 1975 with a program 
for producing high-purity, granular silicon metal by pyrolyzing silane, hater 
that year, this process and Union Carbide's background technology were des- 
cribed in a presentation to JPL. As a result, JPL issued a request for 
proposal to study the feasibility of the silane-silicon process for producing 
polycrystalline silicon in accordance with the stringent economic goals of 
the LSA project. The silane process work was continued under corporate 
funding until Contract 954334 was awarded by JPL in late 1975. 

Phases I and II of the contract were authorized as separate efforts 
d .x-ected toward the specific needs of the LSA project for meeting its goal: 
the large volume, low-cost production of semiconductor-grade silicon by 1986. 

As a result of a unified and focused effort involving several divisions, the 
program technical goals and milestones have been attained, as documented in 
this final report. The following divisions have participated in this effort: 

C hemicals Plastics (Sis t ersville, W. Va.) - production of silane by 
disproportionation of chlorosilanes. 

C arbon Products (Parma, Ohio) - pyrolysis of silane to silicon powder 

m a free-space reactor and subsequent consolidation of the powder by 
melting. 

Linde (Tonawanda, N.Y.1 - engineering for 25-, 100- , and 1000 MT/yr- 
silicon facilities and fluid-bed pyrolysis development. 

_A n A e (Ijoasbey, N.J.) - supply of silane for pyrolysis studies at 
Parma. 

HSlgll (Alloy, W. Va. ) - supply of sized M-G silicon for Sistersville. 
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Corporate Rf|D (Tarrytown, N.Y.) - supporting work on hydrogenation 
kinetics, silane pyrolysis, and silicon evaluation. 

1.2 SCOPH OF WORK performed during contract 


Tlie objective of the Phase I program was to conduct feasibility investi- 
gations to establish the practicality of the following three concepts: 

• High-volume, low-cost production of silane, as an intermediate for 
obtaining semiconductor-grade silicon, based on the synthesis of 
silane by the catalytical disproportionation of chlorosilanes re- 
sulting from the reaction of hydrogen, M-G silicon, and silicon 
tetrachloride. 

• Subsequent pyrolysis of silane to semiconductor-grade silicon in 
free- space and fluid-bed reactors. 

• High-frequency, capacitive heating of silicon seed particles 
suitable for silane pyrolysis in a fluidized bed. 

The program for the silane investigation began in October 1975. A small 
process development unit (PDU), capable of operating under pressure, was 
designed, constructed, and operated to demonstrate the conversion of di- 
chlorosilane to silane, and later to test the conversion of trichlorosilane 
to silane. A liydrogenation reactor was added as a front end for the PDU, 
and the combined system demonstrated the closed-cycle production of high- 
purity silane from M-G silicon and hydrogen. The program also included an 
experimental investigation of the kinetics of hydrogenation and redistribu- 
tion reactions. 

The pyrolysis investigation program began in January 1977. A silane 
pyrolysis PDU, designed around an existing free-space reactor, was assembled 
and operated to produce high-purity silicon powder. Some of the powder, 
melted in a quartz crucible, was either suction-cast to produce poly- 
crystalline rods or frozen in a crucible. A silicon boule was pulled from 
rc- melted fragments for purity analysis and resistivity measurements. Silane 
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pyrolysis tests in a company-owed fluid-bed reactor demonstrated that 
silicon seed particles could be coated with continuous and coherent layers 
of silicon; however, Union Carbide and JPL agreed that this technology was 
not as mature as free-space silane pyrolysis. Therefore, Union Carbide con- 
ducted a thorough review of the technical status of fluid-bed pyrolysis, and 
submitted recommendations concerning the required effort, cost, and schedule 
necessary to develop this technology. 

The capacitive heating investigation was initiated in October 1977. A 
fluid-bed system, which incorporated high-frequency, capacitive heating of 
silicon bed particles, was designed, assembled, and tested. The results 
showed that capacitive heating can be used to heat silicon particles to 
silane -pyrolysis temperatures, while keeping the bed wall at a cooler tem- 
perature than the particles. The program also included theoretical modeling 
of fluid-bed silicon deposition. 


In October of 1977, building on the promising technology base being 
developed under Phase I, Union Carbide conducted an 18-month Phase II program 

m parallel with the remaining Phase I effort. The three objectives of 
Phase II were to: 


• Provide an information base for experimental silane and silicon 
facilities through technical/experimental studies and engineering 
optimizations. 


• Prepare a preliminary design for an Experimental Process System 
Development Unit (EPSDU) sized to produce 100 metric tons of 
silicon per year. 


• Perform economic analyses to project product costs from commercial 
facilities. 


Providing the information base necessary to satisfy the first objective 
became quite involved. Much of the data required for preparing a process 
design with confidence either did not exist or was of questionable accuracy. 
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As a result of the analytical and experimental studies conducted under this 
task, accurate process design data were acquired in the following areas: 

• Thermodynamic data for chlorosilanes and process impurities. 

• Heats of formation and vapor/liquid equilibrium of chlorosilanes, 

• Equilibrium constants and kinetics for hydrogenation and redistri- 
bution reactions. 

The activities associated with satisfying the second objective, developing 
a preliminary process design for the silane-silicon process, constituted the 
main effort for Phase II. In accordance with the original plan, a detailed 
process design for a 25 MT/yr experimental unit was developed based on data 
from the Sistersville PDU and data made available from the information-base 
generation effort. Investment and operating cost data were developed for the 
23 MT/yr unit and for a 1000 MT/yr commercial unit based on the same process. 

An analysis showed that costs of the unit were relatively insensitive to unit 
size; consequently, JPL and Union Carbide agreed that a 100 MT/yr experimental 
unit would be more appropriate. A detailed process design package was prepared 
for the 100 MT/yr EPSDU which includes: 

• Process flow diagram. 

• Heat and mass balance. 

• Equipment functional design and specifications. 

• Process controls and instrumentation. 

• Layout . 


Using the EPSDU-sized process equipment as the basis, a 120 MT/yr com- 
mercial plant design was assembled and investment, operating, and product 
costs were computed. (The capacity is 120 MT/yr for the commercial unit with 
the same process equipment as the 100 MT/yr EPSDU because of expected higher 
process on-stream time for commercial operations.) The same process has been 
used to size all items of equipment for a 1000 MT/yr commercial facility and 
to compute economic performance. 




The economic analyses for satisfying the third objective were performed 
based on the process design developed for the 1000 MT/yr facility. The 
primary effort was in obtaining equipment costs from vendors and in develop- 
ing engineering, installation, and operating costs. Considerable engineering 
design effort was necessary to develop the installed cost of the facility. 

The results of the analysis are summarised in Section 2.2, Economic Perfor- 
mance. 

The individual technical tasks in the Phase I and Phase II programs 
have been completed; the resulting technological and economic data base for 
the silane-to-silicon process provides a firm basis for the future work aimed 
at commercialisation. 


SECTION 2 

SUMMARY AND CONCLUSIONS 


2.1 PROCESS DESIGN 


The process selected to produce semiconductor-grade silicon is depicted 
in Figure 2-1 and described in Section 5.1.2. This process converts powdered, 
98%-pure, metallurgical-grade (M-G) silicon to trichlorosilane (TCS) in a 
hot, fluid-bed reactor fluidized with a hot, equimolar, hydrogen/silicon 
tetrachloride (STC) gas feed. The hot vapor product from the reactor, which 
contains 15% TCS, is quench-cooled to its dewpoint to reject heavy, non- 
volatile metal chloride contaminants. Further cooling condenses the crude 
TCS/product from a hydrogen-rich recycle stream. The product is fed to a 
stripping column which frees the feed liquid of all dissolved gases. 

In the TCS distillation column, the gas-free liquid is separated into STC 
for recycling and an overhead product of TCS and lighter chlorosilanes. The 
overhead product is further processed in a second distillation column to 
separate TCS as bottoms liquid. The TCS is recycled to the first distilla- 
tion column through a catalyst-filled redistribution reactor that partially 
converts it to STC and dichlorosilane (DCS). 
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Overhead product from the second distillation, DCS and lighter, is fed 
through another catalytic redistribution reactor, which partially con- 
verts it to silane. The silane-rich mixture is processed through the 
final si.lanc polishing column, which rejects all chlorosilanes and residual 
contaminants downward for recycle back to the second istillation column. 
Pure silane (lable V-2) leaves the top of the column and is pyrolyzed in 
a high-temperature reactor to lugh-purity product silicon powder for 
melting and to hydrogen for recycle, 

2.2 ECONOMIC PERFORMANCE 


Process designs for commercial facilities have been assembled based on 
the Union Carbide silane process (Section S) . Investment, operating, and 
product cost for 1000 metric ton/year (MT/yr) and 120 MT/yr silicon facili- 
ties are summarized below and detailed in Section 6 and Appendices C and L). 


1975 Dollars 


1000 MT/Yr Silicon 


120 MT/Yr Silicon 



Public 
Financing 
@ 9% Interest 

Private 
Financing 
6 20% DCF--- 

Public 
Financing 
@ 9% Interest 

Private 
Financing 
§ 20% DCF 

Total Investment, $M 

6697 

6697 

3763 

3763 

Annual Operating Cost 
1V/0 deprec. 5 capital 
charges), $M 

4658 

4838 

1645 

1739 

Molten Silicon Product 
Cost, $/kg 

5.76 

7.56 

18.61 

26.42 


Even at 20% discounted cash flow rates (DCF), the estimated product cost 
of $7. 56/kg for molten silicon is lower than the $10/kg (1975 dollars) DOE 
goal for 1986 production. By agreement, this cost does not include a cost 
for converting molten silicon to solid product. 
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Since the plants are small compared to typical facilities in the 
chemical process industry, the investment requirements and total operating 
cost are only mildly dependent on plant size. The product cost is, there- 
fore, strongly dependent on plant size. 

2.3 SILANE PRODUCTION PDU 

A small silane production Process Development Unit (PDU) , capable of 
producing 0.09 kg/hr of silane from metallurgical silicon, was designed, 
constructed, and operated for 278 hours. A total of 3191 grams of high- 
purity silane was produced, yielding an epitaxial deposit of 120 Ocm N-type 
silicon (Table III-3). This process is similar in most respects to the 
commercial plant design described in Section 5. The PDU demonstrated the 
feasibility of high-purity silane production by the Union Carbide process. 

2.4 FREE-SPACE SILANE PYROLYSIS PDU 

A 194 mm I.D. cylindrical, quartz-lined, free-space reactor was success- 
fully employed for the homogeneous decomposition of silane into hydrogen and 
into submicron silicon powder. To achieve this conversion at near 100% 
efficiency, silane was injected vertically downward, as an axial turbulent 
jet, into the reactor, whose wall temperature was maintained between 600 and 
1000°C. The maximum conversion rate attempted yielded 2.8 kg of silicon/hr. 
The reactor was operated for 40 hours at a silicon production rate of 
0.5 kg/hr in a series of 5 consecutive 8-hr experiments. To eliminate 
buildup of loosely adhering deposits, an externally operated mechanical 
scraping device was used. Between experiments the reactor was not opened 
or serviced except for the pneumatic transfer of the silicon powder to a 
storage hopper. No impurities were detected in powders analyzed with an 
emission spectrograph using the cathode layer technique. 

2.5 PDU FOR FREE-SPACE SILICON POWDER CONSOLIDATION 

Integrated facilities producing wafers or photovoltaic devices will be 
able to use product melt directly, but off- site applications will require 
consolidation of the fluffy, low-density, free-space powder for easier 
handling and reduced possibility of contamination. 


Commercially available Czrochalski single-crystal pulling furnaces can 
likely be modified to melt free- space silicon powder. Two Czrochalski fur- 
nace manufacturers have suggested modifications to their commercial equipment 
utilize tree-space silicon powder. One manufacturer proposed the pulling 
of a polycrystalline ingot from the melt at higher rates than those used 
for a single crystal pull. A second company proposed transferring the melt 
through a quartz tube to a cooled solidification chamber, where a semi- 
crystalline ingot can be pulled. 

These two suggested methods and the suction casting method developed by 
Union Carbide represent the best first-generation techniques. For future 
large-scale commercial operations, a more economical alternative will probably 
be desirable, since preliminary economic analysis indicates that rapid pulling 
or suction casting would add $8/kg to the product price. 

2.6 FLUID-BED SILANE PYROLYSIS 


Heterogeneous pyrolysis of silane in a fluid-bed reactor has been inves- 
tigated as an alternate process for converting silane to polycrystalline 
silicon. Based on current technology and assuming 10% silane feed concentra- 
tion. a preliminary economic analysis suggests that fluid-bed pyrolysis may 
be capable of converting silane to high-purity silicon at an incremental 
cost of 10. 75/kg C197S dollars). -These costs are based on extrapolation of 
technology that is still in its infancy. However, the attractive economic 
potential warrants further development of this process. 

Preliminary Rf,D activity on this technology has yielded the following 
results. " 


• A mathematical model for heterogeneous decomposition of silane in 
a fluid bed has provided fundamental understanding of the temperature/ 
composition profile favoring heterogeneous decomposition over the 
homogeneous gas-phase formation of fine powder. 




A bubbling 
for 48 hour 


fluidized bed, fed with a l°6 silanc/hclium mixture 
s, yielded significant quantities of dense, coherent 
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coated silicon particles and minimum quantities of fine powder 
(See Section 3. 2. 3. 2). These positive preliminary results warrant 
further development effort. Slugging and spouting fluidization 
regimes were tested with less success. 

• High-frequency (0. 1-1.0 MHz) capacitive heating has been 

demonstrated analytically and experimentally for directly heating 
the powder in a silicon fluidized bed to 1445°F by energy dissipa- 
tion. In this heating method, the wall is cooler than the bed. 

In the conventional method, the wall is 100°-500 F hotter than 
the bed for the required heat transfer. Because silane pyrolysis 
reaction rate and the tendency for powder- forming homogeneous 
decomposition increase rapidly with temperature, hot reactor walls 
may result in silicon dust and the formation of wall deposits. 

2.7 THERMODYNAMIC DATA 

• By determining chemical equilibrium constants for the trichloro- 
silane redistribution as a function of temperature and by using 
van't Hoff's equation (Denbigh, Ref. 1), the uncertainty of 
published heats of formation for chlorosilane family compounds was 
reduced significantly (Table IV-2). 

• Chemical equilibrium' constants for STC hydrogenation and the 
three chlorosilane redistribution reactions have been established 
as a function of temperature from experimental data (Table IV- 1, 
Figure 4-1) . 

• Binary DCS-TCS vapor/liquid equilibrium data have been measured. 
These data and open literature TCS-STC data have been modeled to 
determine vapor and liquid fugacities and liquid -phase activity 
coefficients (Section 4.4.1, Figures 4-17 to 4-21) for distilla- 
tion column design. 

• Henry's constant has been measured for light gases in chloro- 
silanes and used for reducing vapor-liquid equilibrium data. 
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The data were used to design the settler system and first distil- 
lation column (stripper) (Table IV-21). 

• Recently measured and open literature data have been analyzed to 
yield improved critical properties, vapor pressures, and vapor 
and liquid enthalpies for the chlorosilanc family (Appendix B) . 

• The kinetics of liquid-phase TCS redistribution across a catalytic 
bed of Rohm § Haas Amberlyst® A- 2 1 amine resin has been measured. 

It is hypothesized that chlorosilanc reacts with the catalyst to 
form an ionic amine-chlorosilane salt. (Further reaction with a 
second molecule of chlorosilanc forms two different chlorosilanes 
through rearrangement of the H and Cl (Section 4. 3. 2.1.). Reaction 
stoichometry corresponds to second-order kinetic behavior. Second- 
order reversible reaction rate constants (Figures 4-9 through 4-11) 
are velocity (Reynolds No.) dependent, and exhibit an Arrhenius- 
type temperature dependency (Figure 4-12). Insufficient data were 
available to divide the mass transfer resistance into diffusion 

and catalyst surface activity components. However, the data 
permit accurate sizing of the catalytic TCS redistribution reactor. 

• Kinetic rates of liquid-phase DCS redistribution across Amberlyst® 
A-21 resin have been measured. A computer program established 
best-fit, second-order kinetic rate constants for the three redis- 
tribution reactions. These rate constants, when plotted against 
composition and time, fit the observed data well (Figures 4-13 
through 4-15, Tables IV- 15 through IV- 19). The constants also 
exhibit Arrhenius temperature dependence (Figure 4-12). 

2.8 PROPOSED FUTURE WORK 

To expedite commercial feasibility of the silane process for producing 
quality polycrystalline silicon. Union Carbide has proposed a program for 
designing, installing, and operating an Experimental Process System 
Development Unit (EPSDU) . The purpose of this program is to establish 
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the feasibility of a process capable of the high-volume production of 
silicon that is suitable for solar cells at a cost of less than $10 per 
kilogram. Highlights of the proposed program are as follows: 

• Develop technically and economically improved methods for 

converting silane to polycrystalline silicon. 

• Develop analytical methods for detecting extremely low levels 
of impurities in silane so as to assess product silane quality, 

• Obtain diborane and phosphine- si lane vapor-liquid equilibria 
data for design of the silane purification column. 

• Obtain additional experimental data and understanding of silicon 
tetrachloride fluid-bed hydrogenation kinetics. 

• Design and test burners for flame oxidation of process waste. 

• Design, assemble, and operate a 100 MT/yr EPSDUto demonstrate 
all technical and economic aspects of the UCC silane process. 
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SECTION 3 

PROCESS RESEARCH AND DEVELOPMENT PROGRAM 

3.1 ST LANE PRODUCTION PROCESS DEVELOPMENT UNIT 

3.1.1 Program and Design Basis 

A Process Development Unit (PDU) was designed and constructed to 
demonstrate the feasibility and practicality of the overall metallurgical 
silicon-to-silane process. The main objective was to demonstrate that 
high-purity silane could be produced in an integrated process. The unit 
was designed for continuous operation at a production rate of about 0.09 kg/hr 
of Sili 4 while consuming only metallurgical silicon, hydrogen, and only 
enough SiCl^ to account for losses from impurity rejection. Buffer storage 
of intermediate chlorosi lanes was permitted within the context of continuous 
operation to adjust for variations in throughput of the various subsections. 

3.1.2 Description of PDU 

The detailed flow sheet for the integrated PDU is shown in Figures 3-1 
and 3-2. The two basic subdivisions were hydrogenation and redistribution. 

In the hydrogenation section, SiCl^ and ^ were contacted with copper catalyst 
and metallurgical-grade silicon to produce a mixture of STC, TCS and H 2 » 

In the second section, redistribution and distillation converted che TCS to 
silane and STC. Both sections could be operated simultaneously or individually 
with storage buffer tanks. 

3. 1.2.1 Hydrogenation Section 

The hydrogenation reactor section consisted of a 7,62 cm diameter x 
120 cm high fluid-bed reactor, a SiCl 4 vaporizer and superheater, a dust 
scrubber and product collection system, and a raw material feed control system. 

The hydrogen, regulated at 300 psi from compressed gas cylinders, 
was controlled using a Moore constant flow controller. The rate of flow was 
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measured as the pressure drop across a 10-foot coil of 1/8" tubing using 
a pneumatic differential transmitter. 

Silicon tetrachloride stored in a 30-gallon tank was fed to the 
unit by a diaphragm positive displacement metering pump. A 275 psi relief 
valve on the pump discharge permitted operation at a constant differential 
pressure; a calibrated sight glass reservoir on the pump suction permitted 
rapid checking of flow rate at any time. 


The combined hydrogen and STC streams were vaporized and super- 
heated in an electrically heated furnace, with gases passed through a coil 
within the furnace. The design parameters for the vaporizer were: 


Feed: H 2 

SiCl. 

4 

Inlet Conditions 
Outlet 

Tube Diameter 
Vaporizer Wall Temp. 

Vaporizer Radiative Heater 
Total Length of Tubing Required 


559 g mole/hr 
7.5 g mole/hr 
25°C, 300 psia 
500°C, 300 psia 
3/8" O.D. 

600°C 
1200°C 
10.0 ft 


The preheated gases entered the fluid-bed reactor through a cone- 
shaped distributor. Provision was made for momentarily diverting a portion 
of the hydrogen through the copper/silicon charge hopper to pneumatically 
convey fresh solids into the reactor. 


The hydrogenation reactor consisted of a 7.62 cm diameter x 120 cm 
high 304 stainless steel tube, which was well insulated and electrically 
heated for the lower 60 cm length. An Inconel-sheathed thermocouple bundle 
with five equally spaced couples extended from the top to the bottom of the 
reactor. The inlet cone-shaped distributor of 17° half angle was machined 
from a 7.62 cm diameter block of graphite, and the flanged closures at top 
and bottom were sealed with Grafoil gaskets. A reactor design summary is 
given in Table 1 1 1 - 1 . Following the reactor, a bellows sealed control valve 
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TABLE II I- 1 


HYDROGENATION REACTOR DESIGN SUMMARY 


Conditions 

Gas residence time 

H^iSiCl^ ratio 

Gas density 

Gas viscosity 

Solid density 

Average particle 

Estimated shape factor 

Estimated voidage at minimum fluidization 

Estimated minimum fluidization velocity fU 1 

mf 

At 2 x U f = 

Total reactor height 

Diameter (nominal 3" snhed. 40 pipe) 

Entrance cone half-angle 


150 psia; 500°C 
10 seconds 
2.1 

0.547 lb/ft 3 
0.0300 cp 
137 lb/ft 3 

(65 x 150 mesh) = 150 y 

0.67 

0.56 

2.1 cm/sec 

4.2 cm/sec 
120 cm 
7.62 cm 
17° 
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with stellite trim reduced the pressure from 275 to less than 150 psi, the 
design pressure of the product recovery section. 

The hot gases and entrained solids from the reactor entered a 
scrubber/settler chamber (Figure 3-3). This chamber, 7.62 cm diameter by 
15.2 cm high with a conical bottom and tangential inlet nozzles, was used 
to bubble the hot gases through the condensed product liquid. A stable 
inventory of liquid was maintained by gravity flow from the condensate 
accumulator. 

The saturated cooled vapors flowed through two 2-ft 2 areas of stain- 
less steel, fixed-tube, sheet condensers cooled with water or chilled refrig- 
erant. Liquid/vapor phase separation was accomplished after each condenser, 
with the liquid returning to an accumulator. The refrigerated condenser was 
cooled by recirculated R-ll from a coil immersed in a dry ice/ethanol/R-113 
bath. 


An overflow tube on the accumulator maintained a constant liquid 
level in both the accumulator and the settler. The condensed product was 
collected in a 10 -liter tank; uncondensed gases were routed via a pressure 
control valve to a water scrubber and an atmospheric vent. 


Provision was made for sampling the reactor product stream and the 
uncondensed vent gas by on-line chromatography. A helium carrier diluted the 
sample, ensuring an all-vapor stream to the gas chromatograph. Small filters 
at the sample point eliminated dust from the sample system. 

The entire section was protected from overpressure by relief valves 
on all sections of significant volume that could be isolated by valves. 

These safety relief valves were Circle Seals placed downstream of a Black- 
Sivals, and Bryson vacuum- supported rupture disks. The space between the 
rupture disk and the relief valve was monitored with a pressure gauge to 
ensure the integrity of the disk. The relief valves exhausted into a 
nitrogen-purged header vented to the atmosphere. This disk and valve arrange- 
ment prevented direct contact of the chlorosilancs with the relief valve and 
ensured a leak-proof system (Figure 3-4). 
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Z Carb0n bedS - * “*■*««* ft* packaging the final silane product 
and vartous tanks for buffer storage of chlorosilane intermediates 

throueh « miMUre ° f STC TCS fr °™ th * "*»*«““« auction was fed 

::r r; t to the iower feed p ° int ° f **» ««* di.tin.tion 

reactor ,’77 ^ C ° 1Umn fr0 ” firSt distribution 

c y TC " iddle fted POint ' bottoms product, 

pro u ; :: ;T r * "" **"*»»<* —or section. overhead 

cou-n re a ! r "* bUff6r Unk T ' 4 t0 tHe distillation 

“ C ’• , A SeCOnd feed t0 the S -1 was vaporised product from the 
second redistribution reactor (R n • * 

In the si m C ’ ° ntalnin 8 a mod est amount of silane. 

tank T 2 to t, H 7 “ ^ fl °“ ad ^ buffer 

STC Th' 1 ^ " aS C ° nVerted t0 3 mixture of DCS. TCS, and 

of th 8 j V6r Sad VaP ° r fr ° m tHe S " 1 en tered a partial condenser. A portion 
van 7 r te " a! retUrned , ° the “i™ a * reflux, and a portion was 

r; ::r:: th r h the w -» ** «• ~ ed te a mi xt„re 

lane ’ ’ ,hUe the nonc °ndensable vapor flowed to a cold trap 

The cold trap condensed more chlorosilanes P 

With the partial * h h Were returned and combined 

1 tne partial condenser liquid nrodnrt ti, q „ , 

, , 4 product. The noncondensablc silane th™ 

f owed through one of a pair of refrigerated carbon beds. The carbon beds 

adsorbed any remaining chlorosilanes and rh* •, e carbon beds 

pressed , • , or °silanes, and the silane product was then com- 

pressed into high-pressure gas cylinders. 

recovery. oTtcsT C ° 1Unm ' S ‘ 2) "* deSigned *° ad >ieve 3 »« 

7T*i TCS and v cTr" aSC<i ° n avorase foed composition of 20t DCS, 

s urn : ' USi " 8 the aPPr ° Ximate Gilliland » a ^ -U„t method Ind 

ical Is 888 M1 r8latiV ° VOlatUUy ValU0S - 3 C01 ““ “ ith 28 thcoret- 

trajs operating at 1.1 reflux ratio was required. The V protruded 

metal packing selected for this service had a height equivaientTa 

o teal Plate (HETP, of 2 inches at m of flooding loading. This 
defined the column height at 60 inches. 


The estimated throughput for the column (32 lb/hr) resulted in a 
column of 5 cm diameter to handle -the flow at 70% of the flooding rate at 
the reflux ratio of 1.10. With the column diameter (5 cm) and packed 
height (132 cm) determined, the reboiler and condenser heat duty (7,000 BTU/h 
was calculated from the reflux ratio overhead product rate and heat of 
vaporization. A 5-ft heat transfer area condenser was selected and piped 
so that half the exchanger would function as a downflow unit with sub- 
cooling, and the other half as an upflow condenser and guard trap. The 
reboiler selected was a 2.S kw electric immersion unit. 

The second column (S-l), which separated TCS from DCS and the lower 
boiling silanes, was similarly designed. S-l was specified as 2. 54 cm 
diameter by 152 cm high and equipped with a 700 watt reboiler and 2 ft 2 
area condenser. The operating pressure of 40 psig was selected as high 
enough to permit efficient condensation of DCS with available cooling, and 
low enough to allow vapor phase operation of the second redistribution 
reactor within the allowable temperature range of the resin. 

The design of the redistribution reactors was based on the residence 
time requiied to approach equilibrium as determined from laboratory studies 
for liquid- phase TCS or vapor-phase DCS feed, as appropriate. To permit 
isothermal operation, each reactor was wrapped with insulated copper tubing 
carrying tempered water. The retainers for the Amberlyst® A-21 catalyst 
were cylindrical UOP Johnson Wedge wire elements with a nominal 0.152 mm 
opening. These retainers adequately retained the resin, only 1.0% of 
which is less than 0.252 mm. The units were installed with vapor flow in a 
downward direction to avoid fluidization, or with upward TCS liquid flow 

for the- same reason (the bulk density of the resin is less than that of 
liquid TCS) . 

The size of the carbon beds was determined from the experimentally 
determined capacity of the sorbate (Union Carbide JXC carbon) for DCS and 


26 


. - 



the quantity of silane gas desired to be purified between regenerations. 

An arbitrary regeneration cycle of S hours was selected. A pair of carbon 
beds, each 5 cm in diameter by 122 cm high, containing 1000 grams of 
carbon were selected. The anticipated DCS capacity would be 60 grams. 

Since the expected concentration of chlorosilanes in the SiH 4 feed was 9% , 
the beds were placed on an 8-hour cycle, allowing for 50% regeneration 
efficiency. To remove the heat of adsorption, coils containing flowing 
refrigerant were installed within the beds. Electric strip heaters were 
clamped on the outside wall to heat the beds to 200°C for regeneration. 
Provision was made for desorbing the beds back into the silane cold trap, 
exhausting to vent, and purging with He, N 2 » or SiH 4 . 

lo compress the gaseous SiH^ product into high-pressure cylinders, 
a diaphragm compressor was selected. The compressor was a Pressure Products 
Inc., Model 8042, with a capacity of 0.3 cu ft/min at 1 atmosphere suction 
and 300 psi discharge. For safety and purity retention, the packless com- 
pressor used the flexing of its stainless steel diaphragm for the pumping 
action, with no moving seals. A special triple diaphragm design permitted 
the detection of a broken diaphragm and an orderly shutdown without hazard 
(Figure 3-4). 

The control functions are shown on the process flow sheet (Figure 
3-2). Heat inputs to the distillation columns were controlled manually 
based on the column pressure drop as indicated by differential pressure 
transmitters . Column reflux ratios were controlled by manually set interval 
timers that opened (or closed) twin solenoid valves on the condensate return 
flows. The column reboiler levels were controlled by an overflow arrangement 
with rough float liquid drainers. The crude STC/TCS flow was manually set 
and indicated on a glass rotameter. The interstage flows of chlorosilanes 
were -maintained by pneumatic indicating controllers acting on bellows-sealed 
automatic control valves. The flow was measured by integral-orifice, 
differential-pressure transmitters that had been bench-calibrated. Process 
temperatures were indicated by a multi-point digital indicator using eopper- 
constantan thermocouples. . . 
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On-line analysis of all product and intermediate streams was pro- 
vided by a gas chromatograph and a sample flow switching manifold. Filtered 
samples of gas or liquid streams were purged semi-continuously through a 
manifold where they were vaporized, when necessary, and mixed with helium 
to prevent condensation. The streams were carried by helium to a gas sample 
valve on the chromatograph, with a cycle time for analysis of about 7 
minutes. This analysis determined the composition of the five chlorosilancs 
and HC1 . Samples for other analyses were taken in flasks or cylinders for 
off-line processing. 

3.1.3 PDU Performance Assessment 

The PDU was constructed in three increments. First, the distillation 
column S-l, reactor R-l, associated tanks, condensers, and the small carbon 
bed were assembled. This portion could accept as feed either pure DCS from 
an independent source, or a DCS/TCS mixture produced from the integrated 
operation of the total PDU. Tins initial portion of the PDU was operated 
with a DCS feed to produce 3.2 kg silane of modest quality at a rate of 
0.08 kg/hr at 93% efficiency based on the DCS feed (Table III-2) . 

Following this successful demonstration, the second portion of the 
PDU- -the distillation column S-2, reactor R-2 and associated ancillary 
equipment- -was installed. The original small, nonregenerable carbon trap 
was replaced by two larger regenerable units. The two-section portion could 
accommodate TCS, DCS or a TCS/STC mix (from the hydrogenation reactor! as 
feed while producing only silane and STC. The second section was operated 
independently of the first section for final debugging. The hydrogenation 
reactor section, constructed last, was integrated into the other portion 
of the unit by sharing common feed and product tankage. Although the unit 
was capable of totally integrated continuous operation, the hydrogenation 
section was operated alternately, in practice, with the distillation/ 
redistribution section using the common feed/product tankage as a buffer. 

In this sequential mode, 3.2 kg of high-purity SiCl 4 was produced in 181 
operating hours with an overall yicl^ based on silicon metal of 85% 

(Fable HI-3) . Hydrogenation reaction kinetics were determined at 191 psi g,__ 


28 


TABLE I I 1-2 

OEERATINC RESULTS SILANE! POU I) I Cl I LOROS I LANE! SECTION 


Dichlorosilane Feed Rate 
Silane Production Rate 
System Pressure 
Reactor Residence Time 
Reactor Temperature 


760 gram/hr. 
80 gram/hr. 
845 KPa 
8,75 seconds 
55°C 


STREAM COMPOSITIONS SILANE PDU 


Sample Point 

SiH 4 

H ; S1C1 

.-2 SiC1 2- 

HSiCU 

SiSli . 

Feed to R-l 

13,6 

35.5 

43.1 

2.8 


Feed from R-l to S-l 

28. S 

20.3 

32.0 

19.1 

.1 

Distillate from S-l 

- 

0.04 

1.22 

94.05 

4.7 

Condenser Vapor Product 

86.39 

7.37 

4.92 

1.33 


Carbon Bed Inlet 
(Cold Trap Exit) 

96.26 

3.65 

0.09 



Carbon Bed Inlet 
(Final Product) 

< 99 


- 




Cylinder 

SiH, 

4 

Chlorosilane 

Soloxane 

Methylsilane 

Disilane 

Carbon Dioxide 

Hydrogen 

Nitrogen 

Methane 

Silicon via Epitaxy 
Resistivity 
Conductivity Type 


LK 289962 
1900 gram 
< ' 1 ppm 

< 1 ppm 

< 2 ppm 

< 2 ppm 
20 ppm 
1.52 % 
1.10 e s 
<10 ppm 

50 ohm/cm 
N 


LK 268192 
450 gram 


10 ohm/cm 
M 



/ - 


TAB l.l: I I 1-3 


STI.ANI5 PRODUCT 

PjWM PINAL INTEGRATED PDU OPERATION 


Oy 1 iiulor No,, 

LK 290145 

LK 290044 

I Ivd rogen 

14„37 % 

15.05 

Ni t rogon 

2.03 % 

2.56 ”, 

Methane 

< 50 ppm 



< 50 ppm 

Methylsil anc 

99 ppm 

91 ppm 

Siloxane 

35 

53 

Chin rosilanc 

51 

31 

His ilane 

06 

53 

IViehlorosi lane 

v 8 

< 8 

T r i eh 1 o ro s i 1 an e 

217 

81 

Si lieon Tetrachloride 

70 

60 

Tr i silane 

83 

75 

Tetrasi lane 

171 


Silicon via lipit.axy 

144 

Rcsistivit-v 


20 ohm/ cm 

1 20 ohm/cm 

Conduct ion 'type 

N 

N 


30 


v , , fl , 'i 


carbon bed pertormance was assessed, and distillation column and redistri 
but i tm reactor performance were roughly assessed. Mechanical reliability 
was reviewed from the standpoint of HPSPII operations, and corrosion test 
specimens from the redistribution and hydrogenation reactors were evaluated. 

S.l.o. I Raw Ma t or i a 1 Character i "at i on 

'l'lie metallurgical silicon feed for SiCl , hydrogenation studies was 
determined to have the particle size distribution shown in Table III— 1; 
composition by spectroscopic analysis of the individual sice fractions is 
shown in Table 1 1 1-5. 

for experiments in the high-pressure, fluid-bed reactor, the of. x 
100 mesh fraction was used. This fraction was found to be more easily 
handled in small reactors at modest gas velocities. It is difficult to use 
the unclassified material because of the small operating latitude between the 
t luiili ration ot coarse particles and the elutriation of fines. The typical 
composition of cement copper shown in Table III-o is a varied mixture of 
metallic and copper oxides with small amounts of other metal sulfates. 

Silicon tetrachloride was PP.PPl, pure with less than 10 parts per - 
million total metallic impurities. The hydrogen was Linde standard "high 
purity." 


lypical composition ot the metallurgical si. I icon/copper reaction 
mass before and after hydrogenation is shown in Table 111-7. 

l'lie Amberlvst® A .’! was typical material described in 'Table lll-S. 

3.1 Hydrogenation Performance 


lhe hydrogenation section was operated over a range of pressure 
temperatures and contact times to evaluate reactor performance and to prepare 
a quant i t \ ol U.S/SK. tor later use in t tie integrated performance ilemonst ra- 
tion. During one JJ-hour operat ing period, 5-' kg of a _\V’„ TfS/75':, STC 
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TAB 1,1; I 1 1 -4 

COARSE GRIND SILICON SIZE DISTRTRUTTnM 


Mesh Size 

Microns 

W eij;h t 
Fraction 

+ 48 niesh 

+297 

56.05 

4S x 65 

297 x 210 

14.15 

65 x 100 

210 x 149 

16.95 

' 100 x 150 

149 x 106 

5.56 

150 x 200 

' 1 05 x 74 

3.02 

200 x 325 

74 x 44 

2.86 

-325 

-44 

1.42 


Hie individual fractions wore analysed hv ntnmi , 

a modest variation in thn .• “ ' ’ absor P tl0n spectre 

ptuity was found between the fractions. 


TABLE III-5 


-METALLUROTrar si 


LmLA MA LYST8 RY .- S I 2E ERACIIQN 


Mesh 

+48 

48 x 65 
65 x 1 00 
100 x 150 
150 x 200 
200 x 325 
-325 


Fc 

% 

Cu 

ppm 

A] 

% 

.52 

38 

00 

.57 

32 i 

| .32 

.48 

36 

.30 

.65 

39 

.36 

.83 

47 

.47 
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TABU- II 1-7 

MHTALLURCTCAI, SILICON /COPPl-R REACTION MASS 


Before Reaction 


After 1 7% Conversion 


mmm 


tabu; in-8 


AMBEI 


•RLYS-P A- 21 PROPERTIES 


Property 


Appearance 


Tonic form 

Moisture holding capacity, percent 
Exchange capacity: 

Weight capacity, moq./gl dry resin 
Volume capacity, meq./ml. 

Density, lbs./cu. ft. 

Effective size, mm. 

Uni l'ormi ty coefficient 
Fines, by wet sieve analysis through 
H'M sieve, percent 
Hydraulic expansion, free base form 
at K-.O gpin/cu. ft,, 30 °C, percent 
Whole bead content, percent • 
Porosity, percent 0 

Average pore diameter, A 
Surface area, m. 

Sol ids, percent 

Percent swelling from dry state 
to solvent-saturated state - 
Hexane 
Toluene 
Piet.hy lether 
Acetone 

Abso 1 ute ethanol 


Amber1ysi®A-2l 


Hard, spherical, light tan, 
water-saturated beads 
Free base 

46 to 53 

4. 5 to 5. 0 
1.4 to 1.7 • 

38 to 42 
0.40 to 0.55 

2.0 maximum 

1.0 maximum 

120 maximum — 

100 

35 to 45 
700 to 1200 
20 to 30 

47 to 55 







mixture was prepared while operating at 190-200 psig, a 5:1 IL:STC molar 
teed ratio, 530 C average reactor temperature, and a flow rate to achieve 
>.5 seconds i es id one c time in a 92 cm high lied of silicon having o,19 n i> 

C.u/Si alloy. Experimental STC hydrogenation data arc presented and reaction 
kinetics defined in Section 4. 3. 1.2. In general, the PDU performed as 
expected. Fluidization quality was adequate and predictable by pressure 
diop measurement which followed the same behavior as determined in the 
glass tube experiment, Figure 3-5. Elutriation accounted for less than 
10 o of the silicon reaction mass. The H 0 :STC feed was vaporized and pre- 
heated as described in Section 3.1.2. 1. “tfith the outlet temperature 
controllable to within 10°C, the gases were preheated to the planned 
reactor temperature. The reactor temperature profile for this slightly 
endothermic process, Figure 5-6, showed a maximum due to slight heating 
of the reactant gases from the reactor wall in the first few inches of the 
reactor followed by decline as the gases left the heated zone 24 inches 

fiom the reactor inlet. For data analysis, the average reactor temperature 
was chosen. 


3. 1.3. 3 Redistribution and Distillation Performance 

During initial operation of the PDU redistribution section in February 
1977 > dichlorosilane was used as the feed meterial. Only the second reactor 
and distillation column were used to produce 0.080 kg/hr of SiH 4 at a yield - 
cf 93 “i according to the reactions: 

4 H 2 SiCl 2 i 2 H 3 SiCl + 2 HSiCl 


2 H^SiCl 


H 2 SiCl 0 + SiH 4 


Pure DCS was fed to the R-l reactor to supplement the flow of mixed silanes 
fiom column S-l distillate. Since the TCS product was co-llected in T-2 
and not recycled, only R-l, S-l, and associated equipment were operated. 
Typical operating condition stream compositions and silane product analysis 
arc listed in Table I I 1-2 . This phase of the program successfully produced 
three cylinders of SiII 4 containing a total of 3.35 kg. Analysis of the 
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material, Table III-2, indicated that modest electronic quality had boon 
attained and that a small amount of gaseous impurities more volatile than 
SlH 4 were I n ’ oscnt * The PDU had no provision for removing light gases. 

The DCS-to-silane portion of the PDU operated reasonably well after the 
initial period of de-bugging. The vapor capacity of the 2.5 cm diameter 
distillation column was close to the design limit, as determined by pressure 
drop and feed/reboiler vapor rates. The measured column efficiency showed 
about 93% recovery of TCS from DCS compared to the ideal system design 
basis of 98%. It was not, however, the purpose of the PDU to quantify 
vapor-liquid separation efficiencies, plate value, and precise reflux ratios 
The redistribution reactor product mix closely approached an equilibrium 
mixture as determined by the feed and product compositions; the reactor was 
generously sized to ensure this mixture. Reactor pressure drop was low 

U" of water column/ ft of bed) except when liquid chlorosi lanes were inad- 
vertently allowed to condense. 


The cold trap after the partial condenser of the distillation column 
enriched the silane concentration to about 95% and provided stability for 
minor process fluctuations. The original 1" diameter x 3 ft long carbon bed 
had low sorption capacity. The silane flow was only routed through it to 
the compressor and product tanks when analysis of the cold trap outlet indi- 
cated less than 5% chlorosilanes. The original carbon trap was not designed 
for efficient regeneration. The main operational difficulty of the UCS-silane 
unit was condensation of chlorosilanes in the redistribution reactor, resulting 
in high pressure drop and lowered recycle rates (hence, lowered silane production) 
This condensation occurred when the bed operating temperature was close to the 
reactant gas dewpoint, especially during startup before much silane or MCS was 
present. Heating the feed gas a few degrees by heat tracing the inlet line 
resolved the problem. The analysis of the product silane, Table III-3, shows 
a modestly high-quality silane (20-120 ft/cm resistivity). Thus, the feasibility 
of the process was demonstrated. 


. Integrated operation of the entire process for converting metal- 
lurgical silicon and hydrogen to silane was demonstrated when two cylinders 
o silane totaling 4.4 kg were produced over a 181-hour operating period. 
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The hydrogenation of STC has been described earlier in this report. The 
product from that reaction was fed to the enlarged redistribution section 
and conveited into silane, and the unit was operated as described in 
paragraph 3. 1.2.1. Typical operating conditions for the TCS/STC distillation 
column and TCS redistribution reactor when operating as part of the integrated 
PDU are shown in Figure 3-7. The distillation column and reactor again per- 
ormed close to the design conditions, with only minor variations. The TCS- 
nch bottoms from column S-l (labeled "From Silane Unit" in Figure 3-7) 
had more DCS than those from that portion operated alone. The distillation 
column in the "Silane Unit" now had to separate DCS from a more dilute feed 
and some DCS was left in the bottoms, resulting in only a slightly higher 
recycle rate. The high efficiency of the S-l column resulted in essentially 
no loss of TCS back to the hydrogenation unit. The only material loss in 
the overall integrated operation was in the scrubber settler of the hydro- 
genation section. All hydrochlorosilanes were converted eventually to 
silane and silicon tetrachloride. 


The efficiency for boron removal - an important indicator for the 
overall purification scheme — was demonstrated. The total boron level in 
the feed to the trichlorosilane redistribution reactor was measured as 0.13 
parts per billion. The distillate from the first distillation column, which 
is the DCS/TCS feed to the silane still, was analyzed at 0.04 parts per billion 
total boron. The resistivity and conductivity type of silicon epitaxially 

deposited from the silane product also indicated low boron levels (Table ' 

II I - 2 ) . V 


The carbon beds used for final removal of chlorosilanes performed 
veil in spite of momentary process upsets which resulted in higher concen- 
trations of chlorosilanes in the feed gas. Regeneration by heating to 200°C 
and purging with recycled pure SiH 4 back to the final condenser was routine. 
Regeneration was performed whenever.H.,SiCl 2 was detected in the product gas 
by on-line chromatography. 

The activity of the ion exchange resin was not measured directly 
Laboratory kinetic studies identified an early rapid (23%) decline in activity 
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, talyst tr0m ,h * rMI *" for nitrogen content (Table „ . 

those samples indicate, by linear extrapolation a lit! 

1500 hours after the i,n-t; Q i . . , 1 “ * llfe ex P oct ancy of about 

shew whether the declin I ,"'! the data d ° ">* 

shown no substantial deer " aS) '” Pt0tiC - Previ » us experience had 

The nitrogen "II S :! “T** .' ft “ 1M# <*•»««. 

chlorosilane stream /followld * re T ^ ^ 

tillation. The slight amine odor of fresh A-2 would T" ^ di5 ‘ 
volatile compounds are present. “ that S °" e 

precisij°i:“r loadin£ ° n the carb ° n tads ms “* k "°“" -th 

forced higher than no „a " ‘“"S ° ther “ iSe r0 “ U " e 

igner than normal amounts of MGS and DCS into the beds rh* 

cycle was extended beyond the 8-hour doci • • ' operatin 

effluent indicated low levels of c o ° f th * 

production rate of 0.08 kg/hr of sil 7^ III ' 1<)) ' At tho " or,al 

of J.,«. ,09 grams of ch o , “ ^l«osilane content 

fach carbon bed contained loTgrams oTcarboTlV" ^ 0PeraUnS h 0 "”’ 

beginning of the regeneration period was ’ t hTbT l0adi " 8 “ ^ 

tore. 7. DCS can be adsorbed on the Union Carbide dCcab ° Pera,ln8 
pressure of 0 005 tm c car ^ on at a relative 

showed . o Woes' after 20 ^ ^ ° Perating ex P erience > which 

pure Sill less than o r D ' s ° U h' , d T deS ° rPti ° n ** ^ ^ »■** with 
4 , t nan-0. lo DCS should have been retained. 

•>•1.3.4 Corrosion Data 


b.ooo hours. carhon^teeT'was^etermined 6 ^ 'b thC Pr ° C0SS mVit0merit for 

structaon for tho redistribution reactors. Sa^ole^T-'' 

and carbon steel were placed on . P o ol6 stainless steel 

reactors. The samples were re^v^lo^^Zlon ^ 

to — - - ,he ie„ :,c r :T:z:r 
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TABLE I II -9 


NITROGEN CONTENT OF AMBERLYsffi A-21 
Cl I I.QROS I LAN!; REDISTRIBUTION CATALYST 


Cummulative Reaction 
Time, Hours 


Wt. % N 


0 

6.25 

8 

4,8 

70 

4,5 

300 

3,8 ~ 




TABLE 111,10 


TYPICAL CARBON BED OPERATING DATA 







Average penetration nit os 


uul vi su;i 1 observations are shown ho low 


Corrosion Rack Results 
Trichlorosilanc Redistribution Reactor 

^ ‘ 1J £!!2H Penetration. Mwfa 


Comments 


Carbon Steel 
316 S.S. 


0.0003 

Nil 


Catalyst, Liquid Phase 


Crevice corrosion 
Light pitting 


Carbon Steel 

0.0007 


316 S.S. 

Nil 

Crevice corrosion 



Pitting attack 


Carbon stool proved to bo the best choice of material with an average 
penetration rate of <0.0007 inches/yr. All Metai loss was uniform, with no 
indication of pitting attack, ft. H6 S.S. exhibited pitting attack at the 
crevice formed between the coupon and the mounting hardware (also ,16 s , ) 
cse resuits show that the distillation storage and transfer lines pressing 
He ch orosilanes can be constructed of carbon steel provided that the temper - 

•res do „ ot Hmit the mechanical properties, stainless steel would be suit- 
able tor low- temperature processing. 


t.ess positive answers were obtained from the fluid-bed hydrogenation 

All exposed coupons, either in the fluidizing region or in the- free 

vapor space above the bed. were heavily covered with loose, flaking scale; 

slowing exceptionally high corrosion rates. The chrome-plated carbon steel 

coupon showed some promise: the chrome plate remaining appeared to he 

unharmed. 
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Corrosion Rack Results 


Hydrogenation Reactor 

a 1 (> S . S . 

Inconel 825 
Tncoloy 800 
Chrome Plated Steel 
db-1 S.S. Alloy 
Titanium 
304 S.S. 

Carbon Steel 
Inconel <->25 
3 Rli-60 


Penetration Rate, In/yr 

0.8240 

0.4113 

0.1578 

1.5713 

0.01 4 8 

reactive 

1.457 

heavily scaled 
heavily scaled 
0.990 


Pigure 3-8 shows photographs of coupons that have been removed from 
the reactor and de-scaled. Also shown is a magnified view of an Inconel 
thermocouple sheath used in the experimental reactor. The thickness of the 
Inconel sheath is 0.02 inches. Loose scale deposits are seen, and on failed 
sheaths the structure has changed from austenitic to ferritic. 

. The primary corrosive effects are due to HC1 and nascent hydrogen. 
There is no evidence of silicon penetration of the substrate. However, there 
is evidence of nascent hydrogen penetration, implying a need for high chrome- 
nickel alloys. Rut because HC1 is present at the reaction temperature, high 
nickel alloys are also significantly attacked. Based on current information, . 
the best material for the hydrogenation reactor is lncoloy 800, a 40°, Ni, 
dl 1 ’, Cr, 3n He alloy with good strength at process temperatures and good* - 

resistance to hydrogen. and hydrogen chloride. 


•■>.2 SI LANK PYROLYSIS AND SILICON CONSOLIDATION 

Hu ring Phases I f, II of the program, the feasibility of pyrolying 
silane into semiconductor-grade silicon Was demonstrated. Silane pyrolysis 
«as investigated by two fundamentally different techniques: homogeneous 

decomposition in a free- space reactor, and heterogeneous decomposition in a 
Huid-hod reactor, decomposition of silane in a free-spaee reactor results 

• " the production of cron silicon particles which require a further 

step of consolidation into a more acceptable form of product. As part of 


Inconel Thermocouple 
Sheath 36 hours @ 500 




Steel 


Test Coupons from 
Hydrogenation Reactor 
36 hours @ 500 °C 


I'TCURi: 3-8 


^ 00 /? 


"VDUOfiliNATTON liliAOTUR CORROSION TIST COUPONS 



fe,smu,y ° f ■*>«”* «» "«-»*■« wroiy.1, ^ t „ 

I"'"? *** 0 '' SUCt “ ,n CaSti " S V4 - inC " P“'^ta.Unc 

iods was also demonstrated. 

Homogeneous gas phase decomposition of silane is accomplished in a 
c,^: lined free- space reactor. Silane is introduced as a turbulent Jet 

heating n ^ «>»* »» hep, hot by external 

R - 11,0 1 "- 1£<:t,! ‘ 1 silan£ - ™hi"S «ith hot recirculating gas in the 
leactor, heats up rapidly and decomposes into silicon powder and hydrogen. 

_ ‘ lec ° l "*’‘ ,sltl °" is exothermic with a heat of reaction 8.1 k cal/mole. 

>e reaction starts at temperatures above 400°C and becomes extremely rapid 

r 6 0 C - , 1,1 P- -actor, it is esseLal 

th t si ane decompose completely before it contacts the wall to preclude 

silane decomposition and silicon deposit formation on the wall and subse- 
77 1 f, 1 " 8 ” f the react0r - The ■“*'“1 location of the reaction cone is 

reaction k’ "V"' lntelaCtl ° n ° f fluld hyvamics, hMt and mass transfer, and 
r • uon metres. In the free-space reactor development, the emphasis was 
on demonstrating the feasibility of silane pyrolysis. 

The pyrolysis-product silicon powder is separated from the effluent 
y rogen by a porous metal filter, and the powder is collected in a hopper. 

j h * l j , ’ l,Uan) ’ Uss tl ’°" 0110 ” licron in average particle diameter, 

7 l0 " bU,k of characteristics it would be 

moult to transport the powder to off-site location, without contamina- 
tion. hot this purpose, compaction and sintering were investigated as a 
means of consolidating the powder. Although the rapid pulling „f pen- 
cil stall, no rods was no, investigated, a rough economic study compared the 
1 os l- effectiveness of this technique with that of suction casting rods on 
a commercial scale. Various free-space reactor powder melting and casting 
cciniqiits “ere investigated as a means of obtaining fully dense silicon 
sample analysis. These methods were the suction casting of rods 

^ «■»«»*• » «. .<» d«on« ra ,cd 

.t Hoc- space reactor powder could be melted directly in Crochralski 
furnaces without prior consolidation. 
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In the alternative fluid-bed pyrolysis concept, silane is decomposed 
heterogeneously on hot silicon seed particles. The resulting silicon 
coatings are of high purity; the free-flowing characteristics of the parti- 
cles offer the potential of direct feed stock for a Czochralski furnace. 

This concept is attractive as a backup or alternate system to free-space 
pyrolysis, particularly to meet the 1986 cost/performance objectives of the 
LSA project. However, this method is still in an early stage of development; 
it requires considerable R&O work to determine its capability. In the 
reported phase of work, preliminary experiments were conducted to study 
the feasibility of this concept. These experiments included pyrolysis 
experiments using dilute silane as well as inert gas fluidization and bed 
heating experiments. A theoretical model was developed to simulate plating 
reaction in a fluid-bed reactor. An in-depth technical assessment of fluid- 
bed pyrolysis technology identified critical areas that require further 
development. Finally, a preliminary economic analysis assessed the potential 
cost-effectiveness of this pyrolysis method toward meeting the 1986 goals. 
This analysis, though of a preliminary quality, has indicated that the cost 
of pyrolyzing silane in a commercial fluid-bed system with 10% feed silane 
concentration, could be less than $l/kg (exclusive of silane cost). Thus, 
it is concluded that, if technically successful, this approach has an 
excellent potential for meeting the 1986 cost goals. To resolve the tech- 
nical uncertainties and advance this technology, a comprehensive R§D program 
has been recommended in the proposed Phase III program. 

The work accomplished in silane pyrolysis and silicon consolidation 
under the reported phase is described in detail below. The discussion is 
divided into the following subsections: 

3.2.1 Free-space Reactor 

3.2.2 Free-space Reactor Powder Melting and Consolidation 

3.2.3 Fluid-bed Silane Pyrolysis 


3. 2.1 


Free- space Reactor 


3. -.1.1 Program Goals 

The objective of the froo-spaco reactor program was to demonstrate 
the feasibility of- converting silane (Sill^) into semiconductor-grade silicon. 
As an example of this demonstration, the conversion was to be maintained 
for five continuous eight-hour experiments at a silicon production rate of 
0.5 kg/hr. During this five-day demonstration, the free-space reactor would 
not be opened or serviced except for the pneumatic removal of the silicon 
powder that accumulated in the settling chamber located beneath the reactor. 
This powdered silicon was to be converted into a dross-free liquid. To 
achieve all this, it was necessary to develop a filter system for separating 
the powdered silicon from the gas phase, devise various means of conveying 
the powder from the settling chamber to a melting furnace, design a furnace 
capable of melting the powder continuously, and connect the free-space 
reactor and melter together in a manner that would minimize exposure of the 
silicon powder to atmospheric contaminants. 

5. 2. 1.2 Equipment and Reactor Model 
3. 2. 1.2.1 Reactor and Settling Chamber 

The current free-space reactor evolved from engineering design 
data obtained through t he operation of smaller units. The reactor is a 
Schedule 80 Monel pipe, 9.14 mm long, with an inside diameter of 194 mm. 

An induction coil, 010 mm long, was centered on the Monel reactor. The 
induction coil was energized by a 30 KIV Ajax Magnathermic Corp. induction 
heating power source operating at an output frequency of 4200 Hertz. 

Figure 3-9 shows the reactor positioned on top of the powder collection 
(settling) chamber, and Figure 3-10 is a schematic of the settling chamber. 
The top of the reactor contained a water-cooled, pressure-tight, stainless 
steel lid. A water-cooled injector projected through the center of the 
lid 111 mm into the reactor. The injector height was adjustable, and a 
Swagelok fitting permitted a leak-tight seal. The current lid, shown 
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schematically in Figure 3-11, contained a porous metal sheet (30 pm average) 
pore size) through which a gas could be fed into the reactor. The lid also 
contained a mechanical powder stripper that could be extended a maximum of 
152 mm into the reactor. One part of the mechanical stripper surrounded 
the water-cooled injector; a ring fastened to the same plunger rod was 
slightly smaller than the reactor I.D, The inside of the reactor contained 
a quartz liner. 

A hydraulically operated lifter was used to position and remove 
the reactor from the settling chamber. Beneath the induction coil, the 
reactor was insulated with a 50 mm thick layer of Johns-Manville Cerafelt. 

A 102 mm high removable collar of Cerafelt was also positioned above the 
induction coil. Figure 3-12 is a schematic of the gas flow control system. 
Auxiliary equipment included a hydrogen detector (TLV Sniffer, Part No. 
23-7356) for leak checking and for detecting external leaks while in operation 
at elevated temperatures, a 24-position recorder, a NRC vacuum gauge, and a 
Welsh Duo Seal vacuum pump (Model No. 1397). 

Also shown in Figure 3-12 are hygrometer probes (Panametrics, ... 

Model 2000 hygrometer) that were positioned in the gas line attached to the 
injector and in the gas exhaust line. The probes continuously monitored the 
dewpoint of the system, which was used as an in-process monitor of air leaks. 
Thermocouples were positioned along the outside length of the reactor, and a 
porous metal filter, located inside the settling chamber, separated the sili- 
con powder from the gas phase. A burn port was used to burn the hydrogen 
and undecomposed silane. The gasket material in heat-affected areas (e.g., 
rcactor-to-lid and reactor-to-base seals) was GrafoiP. Swagelok fittings 
with either Teflon or stainless steel ferrules were the predominant pipe and 
tube connections. 


*Grafoi $ is 


a registered trademark 


of Union Carbide 


Corporation. 
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FIGURE 3-11 1 

FREE-SPACE REACTOR LID SCHEMATIC 
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FIGURE 3-12 

FREE-SPACE REACTOR GAS- FLOW DIAGRAM 
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Connected Assembly 


To produce semi conductor-grade polycrystal line silicon, n con- 
nocted assembly was developed capable of producing and melting silicon 
powder without exposing it to atmospheric contaminants. The connected 
assembly (Figure 3-13) minimized powder handling and eliminated the need 
for opening and contaminating the reactor assembiy. In practice, powder 
t lat was produced in the free- space reactor accumulated in the settling 
c aimer. After terminating an experiment, the free-space reactor and 
settling chamber were purged with argon and cooled to room temperature, 
o comply with safety regulations, silicon powder could not be transferred 
out of the settling chamber until it was purged of hydrogen. The storage 
hopper was located approximately 2.4 m higher and 3.4 m away from the 
settling chamber. The most effective powder transfer was realized by 
reducing the pressure in the storage hopper below ambient using the 
suction of a commercial vacuum cleaner while simultaneously pressurizing 
t le reactor and settling chamber combination with argon to approximately 
- psig. When at pressure, the ball valve connecting the two systems was 
opene or four seconds. The pressurization/depressurization sequence 
was repeated four times when the settling chamber contained approximately 

g of silicon powder. This quantity of powder could be transferred to 
the storage hopper in less than three minutes. 

The powder storage hopper had a capacity of 100 liters. The hopper 
lid contained a porous metal filter (30 em average pore size) for gas powder 
separation during pneumatic powder transfer from the settling chamber. The 

“ l0Cated ln the conically- shaped lower portion of the hopper 

aided in gravity feeding of the powder to the bottom of the hopper. A 

vertical auger inside the hopper with an attached sweep-arm controlled the 
rate of powder discharge from the hopper. 


Figure 3-14 is a view of the inside of the melter showing the 
quartz feed tube and auger. The 46 mm diameter quartz feed tube extended 
ram the bottom of the hopper at a 10° downward pitch. The enclosed auger 
' lreC thc slllcon ! ’ owder t0 the vertical section of the quartz tube 


FREE-SPACE REACTOR— -ME LTER CONNECTED ASSEMBLY 
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FIGURE 3-13 


CONNECTED ASSEMBLY SCHEMATIC 





whore it foil into the quartz melting crucible. Thermocouples positioned 
adjacent to and touching the bottom of the graphite susceptor were used 
to monitor the temperature of the system. 


3..M.2..1 Reactor Model and Meat transfer Mechani 


sm 


Qualitatively, the operation of the free-space reactor is as 
sketched in Figure 3-15. Silane gas enters the heated reaction chamber 
as a tree axi-symmetric jet whose behavior, as far as its entrainment 
characteristics are concerned, is like a submerged jet developing in sur- 
roundings consisting of a higher- density fluid. The silane jet expands 
and ultimately reaches the reactor wall; the remainder of the reactor is 
a region of parallel flow development. The silane is heated by mixing with 
entrained hot fluid (a mixture of gas and fine particulates) from the re- 
circulation -one, and by radiation from the hot reactor wall. At elevated 
temperatures, this reaction is almost instantaneous. 

Two mechanisms were considered for transferring heat from the 

reactor wall to the fluid surrounding the submerged jet One heat transfer 

mechanism was based on convective correlations. A second heat transfer 
mechanism was based on transferring the heat by radiation from the reactor 
wall to a gas containing fine particulates. For the convective correlation 
mechanism, a reactor wall temperature several hundred degrees higher than 
the experimentally measured value was- calculator The radiation heat- 
transfer mechanism yielded close to the measured Wall temperature for 
reasonable values of all parameters. Consequently, it was felt that 
radiation was the dominant mode of heat transfer. 

3.^. 1.3 Silane Pyrolysis F.xpcriments 

3... .l.o.l Pyrolysis Hffieioncv _ 


A qualitative correlation was made between the color of the ex- 
h ait st flame and the silane-to-si lieon conversion efficiency. When the outer 
fringe ot the flame was white, while the bulk of the flame was colorless or 
light, oiange, the conversion efficiency was approximately pp>;,. 


When the 




entire flame was white, bordering on bright white, the conversion efficiency 
was approximately 97"; . For lower efficiencies, the flame became a brilliant 
white and it was impossible to distinguish. marked .differences. 


The efficient conversion of silane-to-silicon in the frce-spacc 
reactor was dependent upon the transfer of heat into the core of the injected 
silane stream. Several experiments were conducted to determine the minimum 
operating temperature for the complete conversion of silane-to-silicon at 
various silane flow rates. A constant silane volume throughput was maintained 
while the reactor temperature was varied. The color of the exhaust flame 
was monitored as an indication of the conversion efficiency. The data 
(given in Figure 3-16) showed that for the current reactor- injector configur- 
ation, a reactor wall temperature near the center of the hot zone of at least 
800 C was needed for complete conversion. When silane was injected into the 
free- space reactor at a Reynolds number below 2000, a higher reactor tempera- 
ture was needed to obtain complete conversion. A Reynolds number greater 
than 2000 corresponds to a turbulent jet stream. Similarly, for Reynolds 
numbers above 6000, the reactor temperature had to be gradually increased 
above the 800 C minimum to accommodate the higher gas velocities. Small 
increases in temperature above the threshold value greatly increased the 
efficient production of silicon for the given reactor configuration. 

Thermodynamic calculations* indicated that an adiabatic conver- 
sion of si lane- to- silicon may occur at approximately 400°C in the free-space 
reactor. The kinetic data (Hogness, Ref. 2) indicated that the reaction 
rate at that temperature was too slow to support an efficient decomposition 
in this reactor. A minimum silane-to-silicon conversion of 97 ? « was not 
obtained when the reactor wall center temperature was below 800°C. 

3. 2. 1.3. 2 Demonstration of Reactor System Capability 


As a demonstration of the capability of the current free-space 
reactor, silicon powder was produced from silane at the rate of 2.8 kg/hr 


*Thcrmo- chemical data obtained from the JANAF Tables 
Ref. 3) . 
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FIGURE 3 - 10 


OPERATING CONDITIONS FOR HIGH SILANE CONVERSION EFFICIENCIES 




for one hour. In addition, the freeware reactor was operated for -10 hours 

producing silicon powder at the rate of 0 5 ke/hr Th» An 1 

of * iyin . *• iCfi/hr< The 40-hour run consisted 

of five (5) consecutive eight-hour experiments in which the reactor wall 
near the gas injector tip) was kept at 715° I is°c. At two-hour intervals 
<uri„g each eight hours of operation, the powder stripper was lowered 152 mm 

ately't'herlaft " t0UC " th ° Water - C °° lod lid “> **»» 5-H). Immedi- 

/ , Mfter> arS ° n “ as pulsed ‘toough the porous elate to dislodge any 

Pow er that might have accumulated on the lid. A throe-second burst of argon 
uough the outer cavity and then through the inner cavity was used. The 
mechanical. strip and argon pulse procedure was repeated followed by a mechan- 

The silane flow into the reactor was not altered during the powder 
dislodging procedure. After each eight hours of operation, the powder dis- 
o Smg sequence was also repeated before the free-space reactor and settling 
.amber assembly were purged with argon. When the reactor had cooled to room 
emperature, the silicon powder was pneumatically transferred to the storage 
hopper. Between eight -hour runs, the reactor was not opened. After the 
r th run, the powder stripping sequence, - argon flush, cool-down, and 

pneumatic powder transfer - were conducted. Subsequently, the reactor was 
dismantled and inspected. 


The lid, injector, and stripping mechanism were free of powder 

m ° f “ SiUC ° n ° r Sil “ e reaCtlOT " ith “>■ components. 

ns included the mechanical stripper which momentarily projected approxi- 
mately 08 mm below the tip of the injector during a powder dislodging operu- 

“ 1011 152 " ,(h * ‘ho stripper stroke, of the reactor 

Very thl " (1 t0 2 ■> Coatln S of loose silicon powder. The powder 

' C ™‘ 8 ” ““ 1,1,31(2 llner 1,1 th c «« 80 mm from the lid, tapered from 
.ory un at the ends to a maximum center thickness of c,0 mm. Most of the 
lest of the reactor liner contained randomly spaced nodules (10-25 mm 
protrusions) of attached powder with quarts visible between some of the 

' BCnea(h (h ' P °” d - the quartz liner remained intact 

OWC1 sections of the quartz liner were rainbow colored. The settling chamber 

was empty except for small powder deposits perched on protrusions (nuts, 


bolts tuhing, etc.). It was inferred from the results of the do-hour oner, 
t,m thC -e hoc,, continued indefinitl?' 

do,„o„st r „te: f ;i:t e ;f :Lr iv *“ ye ^ »• 

Pines to , V C0Uld b0 via eonnoeting 

mat? T d fUnhCr rr ° CeSSed “*“»• » atmospheric 

2 ' • Aft6r eaC " ttS"t-hour experiment , the silicon powder was 

' y transferred to the storage hopper. Powder bagging capabiiities 
ere demonstrated by discharging powder produced in the first tLe runs 

conTroiLd 17, “T" lnt ° attaC, ' ed PlaSUC b3gS - 1,16 diSChar ‘ e -to was 
, , rotational speed of the vertical auger inside the hopper 

owder from the last two runs of the series was used to demonstrate that 

a mene P r 7"” ^ ^ direCtIy thr0U8h a "itional pipes to 

; 1 L t V Peratl0n " aS alS ° Carrled “t under an argon atmosphere. 

! 7 ::: c ;.r ter 3,111 ti,e " eiting *•»«“ *• **» *„ section 

onsolxdation. A description of the cast product follows. 

5. 2. 1.4 Product Properties 


3 - 2 -1.4.1 Sili 


icon Powder Morphology 


Tl,e morphology of the silicon powder formed in the free-space 
reactor depended upon operating conditions. ». powder obtained from 7- 

:;r C ° nJUCted at rMCt0r ccn,er w all temperatures around 950° to 
" ' bmm in while the powder formed below 900°C 

on o t 0 , Hght to dark gray. The high-temperature brown powder exhibited 

(■ray witT ‘“”' termiC ‘- As th * P°“ der color changed from light to dark 
V, , 51,18 temperature, the flow characteristics improved. In 

? o ;'of T *”7* “ r, “* (aS V ^e PET gas adsorption 

o the silicon powders increased from approximately 4 m 2 /gm to 10 m 2 / s „ 

•ncrcas.ng temperature. Ca,cu,ation S of the average particle site 

on spicncally shaped particles) ranging from 0.6 am to 0.26 urn 

respectively, were in agreement with scanning electron microscope (SEM) 

? sl! ' con po^cr formed at center wall temperatures below 
■ >■ densities in the 0.12 to 0.17 8 / C c range. The high tempera- 
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ture powder had bulk densities around 0.01 g/ec, All powders examined had 
particles ranging in size from submicron to low micron. The SEM micrograph 
(Figure 3-17) shows that the smaller particles were nearly spherical in 
shape, while the larger particles had a botryoidal form. 

The size of the particles obtained in the free-space reactor was 
also dependent upon conditions other than reactor temperature. For example, 
preheating the silane before injecting it into the reactor tended to reduce 
the average particle size. Injection of the silane into the bottom of the 
reactor and exhausting gas out the top had the reverse effect; average 
particle sizes of 1-2 microns were obtained. Insufficient data are presently 
available for predicting the precise nature of the silicon powder obtained 
under all reactor operating and configuration variations. 

3. 2. 1.4. 2 Gas Injector and Reactor Wall and Lid Deposits 

During all silane pyrolysis experiments, some of the silicon 
powder was deposited on the gas injector and on the reactor wall and lid. 

When the free-space reactor was operated (without the mechanical powder 
stripper) at a silicon production rate of 0.5 kg/hr., the powder bridged the 
reactor, below the injector tip, some time between six and eight hours after 
starting. Initially, the bridge was very porous. Experimental evidence 
indicated that some bridges contained channels. Once the bridge formed, it 
was only a matter of time before sufficient resistance to the flow of silane 
would register on the flow meter. After some experiments, massive growth 
of agglomerated and chemically vapor deposited silicon was found attached to 
the bridge silicon. The reactor lid modifications (installation of a mechan- 
ical stripper and a porous lid plate for gas flushing) and alterations in 
the operating procedure prevented the powder from building up to a critical 
thickness. 


Two additional silicon growths were observed. The first was a 
cone-shaped growth attached to the top of the injector. This growth had 
a hole through the center, and, although not bonded to the injector, seemed 
to be an extension of the injector. Unlike packed powder, the cones had 
structural integrity and, in some cones, dense metallic silver layers were 
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seen.. It was found that no injector tip deposits formed when the tempera- 
ture inside the reactor near the- gas injector tip was kept below approxi- 
mately 600 C. The second deposit also had structural integrity and evidence 
of some dense metallic sections. This deposit was firmly bonded to the quartz 
liner, where the expanded silane jet reached the quartz, and grew toward 
the symmetry axis of the reactor. It was found -that this deposit did not 
form when the outside reactor wall temperature near the center of the hot 
zone was kept above approximately 800°C. To prevent the deposits with 
structural integrity from forming on the injector and wall, the free-space 
reactor was operated under a controlled temperature gradient. This was 
accomplished by water-cooling the reactor lid, positioning the injector 

tip 114 mm from the lid, and operating the reactor at a minimum wall temper- 
ature (near the center of the hot zone) of 800°C. 

3. 2. 1.4. 3 Silicon Purity 

Impurity analyses of free-space reactor powder and cast samples 
were conducted with an emission spectrograph using the cathode-layer technique. 
An impurity concentration technique coupled with emission spectrographic 
analysis was also attempted; however, contamination attributed to processing 
and handling. occurred. After long-duration and consecutive experiments were 
conducted (with the reactor remaining closed between experiments), impurities 
were no longer detected with the cathode-layer technique. No impurities were 
detected by the cathode-layer technique in fragments from the 152 mm diameter 
castings obtained from the melt of the last two consecutive runs. 

3.2.2 Free-space Reactor Powder Melting and Consolidation 


3. 2. 2.1 Program Goals 


The objectives of the consolidation segment of the program were to 


1. Provide an inexpensive, high-purity feedstock for the 
fluid-bed reactor. 


2. -Demonstrate that free-space reactor powder can be 
densified into an acceptable form for transporting 
and melting for single-crystal or ribbon growth. 

3. Demonstrate that as-formed powder can be melted, 
producing semiconductor-grade polycrystalline silicon 
or melt. 

3. 2, 2. 2 Compaction and Sintering 

Several methods were investigated for consolidating the free-space 
reactor powder. One method involved vacuum- sintering the free-space reactor 
powder that was poured (not packed) into quartz crucibles. Initially, the 
powders had an apparent density of 0.12 g/cc and a surface area of 7.5 m“/g. 
When sintered at 1300°C for one hour, the powder density increased to 
0.30 g/cc and the surface area was reduced to 0,8 m /g. Figures 3-17 and 
3-18 show scanning electron micrographs of the free-space reactor powder 
in their as-produced condition and after the 1300°C treatment, respectively. 
Loose powder sintering was effective in promoting particle growth, but did 
not appear promising as a means of reducing the total volume of the material. 

Free-space reactor powder was dry pressed in single-action steel 
dies. No binders or lubricants were added. Pellets compacted at a pressure 
of 16,000 psi (110 MPa) appeared to be free of delaminations; however, de- 
laminations were apparent after sintering at 1375°C for one hour. A green 
density of 47% of the theoretical value was obtained. The sintering increased 
the strength of the pellets but did not significantly increase their density, 

Free-space reactor powder was iscstatically pressed. This process 
consisted of filling a flexible mold with powder, sealing it, and then sub- 
jecting the mold to a fluid pressure. The pressure acted uniformly in all 
directions on the powder. Small compacts (38 mm diameter x 203 mm long 
rubber bag molds) were crack free and were used to determine the green 
density as a function of compaction pressure (data shown in Figure 3-1'.)). 

Large compacts (121 mm diameter x 559 mm long mold) broke into several pieces 
after pressing at 20,000 psi (138 MPa). Isostatic pressing of free-space 
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FIGURE 3 - 18 

SEM MICROGRAPH OF LOOSE FREE-SPACE REACTOR P 


POWDER SINTERED AT 1300 °C (5000 X) 
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!GURE 3-19 

nc PRESSURE ON COMPACT DENSITY - 
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r ‘ ! 7 0r |, °“ dt ' r b0 '■' suit: "’^ «—* of increasing the hulk , lo „, tty of 
l>o»der to facilitate shipment and storage. 

sintcre 1 ”" Ct ° r T' C '' "* MUod ""“If *«. flakes and 

f 7 °" e ' ,C ' Ur at 1350 C ' A SW «lcrograph of a sintered flake 

f. own in Hft.ro 3-20) revealed that the edges of the flake had undergone 
significant particle growth or coalescence, \~tiv fi 
revealed that iron, nickel, and chromium were present 

:r in “ — - — .n-ocess'and t :ricririi:r c 

toring promoters. Additional work on direct rolling of free-space reactor 
powder will be necessary to minimize contamination. 

3.2.2. 3 Melt Consolidation 


containing l 5 ‘ SPaCe P ° WdCr C °" Siste ‘ i ° f a 

° tl 8 """ dla "° ter q " art2 Crucll > le - Tlus-melter is the last link 

the connected assembly and was not used for quality control. Figur e 3-21 

schematic (not to scale) of the melter. during melting operation, 

silicon powder was transferred -from the storage hopper through the quartz 

me Cwuch has a 10 downward pitch) by means of the enclosed auger. The 

' 7 roPPed '" r ° Ugh ' the vartl “ 1 ««ti»: n of the quartz tube into 

rim Hhl '"“a?' Tl>e Cnd ° f thC tUb ° Pr ° JCCted s 1 j £ ht 1 V below the 
r m of the cructble. The crucibie was supported by a graphite susceptor 

at was snorted by an alumina pedestal, five layers of carbon fe 7 

and a cy zndrtcal opaque quartz sleeve surrounded the susceptor. The indue 

oi (energized by an Ajax power source whose maximum output is 30 KK 

•it a frequency of 4200 Hertz, was positioned around the quart: sioevc The 

;zr parts - “ * - ~ 

me base of the furnace was Transite and firebrick wMi. *t , 
graphite plate wrapped in Crafoil® ** (a radiation shield, fircT^ 
seed on top of the graphite plate. Two sight tubes, a vent, and three 
“*° n ' tUb ° S ' Pr ° j0CtCd tkr °“s" «• Arson was also introduced 


Union Cnrbidc Corporation Grade WDF carbon felt - 
'* Kraf01 ^ U “ registered trademark of Union Carbide Corporation. 
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FIGURE 3 - 20 

SEM MICROGRAPH OF A SINTERED FLAKE 
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through the Tran Hite base-. The outer sides of the furnace consisted of 
plexiglass scaled against an aluminum frame. 

The largest dross-free silicon casting produced from free-spacc 
reactor powder was 5.3 kg. The powder for this casting was fed continu- 
ously into "the melter from the storage hopper at a programmed rate. At 
the start of a run the powdered silicon was slowly fed into the hot 
(1550 -1600°C) crucible. Once the molten puddle of silicon was obtained, 
the silicon appeared to suscept, and the power required to maintain 
temperature decreased approximately 20 percent. As the surface area of 
the molten silicon increased, the powder feed rate was increased. For 
the 5.3 kg melt an average melting rate of 2.8 kg per hour was obtained. 

For another melt, a melting rate of 6 kg per hour was maintained for 35 
minutes. During those 35 minutes, the powder melted as rapidly as it was 
fed into the quartz crucible. Figure 3-22 is a photograph of one of the 
dross-free castings. The quartz crucible typically fractured at the silicon 
interface; the top portion of the crucible is not shown in the photograph. 
During the powder melting operation, very little silicon powder dispersion 
occurred inside the furnace assembly. 


Two separate melts were made from free-space reactor powder pro- 
duced in the fourth and fifth experiments of the five consecutive runs. 
Attempts were made to select quartz-free fragments from each casting and 
have Crysteco, Inc., pull 5 cm diameter <1 1 1 > orientation crystals. Every 
effort was made to minimize the introduction of contaminants not associated 
with the process of producing the silicon powder and melting it in the 
connected free-space reactor assembly. Consequently, the silicon frag- 
ments sent to Crysteco were not acid-leached or washed. Crysteco reported 
that after the two charges were melted, quartz slivers and flakes were 
seen floating on the melt surfaces. The floating quartz particles intcr- 
feied with the single-crystal pulls and a boule was obtained that was half 
single and half polycrystalline while a second boule was entirely poly- 
crystalline. These crystals will be evaluated by Union Carbide Corporation 
in the near future. 
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In addition to melting free-. space reactor powder continuously in the 
mol ter, compacted powder was also melted and cast,. Approximately 2 kg of 
tree-space reactor powder was isostatically compacted at 20,000 psi (138 MPa), 


The compact was fractured into i rrogu la r- shaped fragments which were loaded 
the me It or as shown in the schematic of figure 3-23. The charge was divided 
approximately 50/50 between the crucible and the feed tube. During molting, 
practically no smoking occurred, and clean casting was obtained. 


into 


3.2. 2.4 Casting Methods 


The silicon powder produced in the frec-spa.ee reactor could not be 
fully characterized in its as-formed state. Several methods were investi- 
gated for melting and casting the silicon into fully dense, crack-free forms 
The methods investigated were suction casting of rods, vacuum melting and 
casting of pellets, and chill-mold casting. The first two methods provided 
solid silicon, samples for quality control. Suction- casting and chill-mold 
casting methods have the potential of providing a polycrystalline silicon 
form acceptable to the single-crystal growers. They also provide a means of 
extracting silicon from quartz melting crucibles for multiple melting and - 
casting cycles. 


3. 2. 2. 4.1 Suction Cast Rods 


The suction casting of silicon rod was demonstrated using a 

modified version of the inciter described in Section 3. 2. 2.3, Melt Consoli- 

dation. After the charge was fully melted, the temperature of the melt 
was adjusted to slightly higher than the melting point of silicon. One end 
of an open-ended quartz tube was inserted into the melt. The silicon was 


sucked up the tube by rapidly reducing the gas pressure inside the tube. 
Rapid cooling and solidification of the silicon occurred due to radiant 
heat losses, for most castings, the rapid cooling prevented the silicon 
t t oni reacting with the quartz tube. After the end of the tube that was 
submerged in the melt was broken off, the cast rods were slid out. In some 
cases (where silicon wet the quartz, or the quartz was bent, or contained 
a necked- down region), the quartz tube had to he broken to release the 




easting. figure 3-24 is a photograph of two castings. Silicon rods ranging 
from 4 mm to IP mm in diameter and up to 300 mm long were suction cast. 

3. 2. 2. 4. 2 Vacuum cast Pellets 

A method was developed for melting silicon and casting it under 
vacuum conditions into crack-free, solid pellets for rapid product and 
piocess evaluation. The polycrystalline silicon properties that could be 
determined from the pellets were electrical resistivity, conductivity type, 
and purity. Silicon was loaded into a specifically designed quartz test tube 
(24 mm diameter x 152 mm long). The lower closed end of the tube was a 
blown bubble whose wall thickness was approximately 0.1 mm. The tube and 
silicon were heated in a vertical graphite resistance furnace under vacuum. 

The molten silicon solidified in the thin wall bubble, which broke on cooling, 
leaving a silicon pellet free of cracks. Adhering quartz was removed with 
hydrofluoric acid. A typical vacuum-cast pellet, sectioned, is shown in 

figure 3-25. The protrusion at the surface of the pellet was the last 
silicon to freeze. 

3.2. 2. 4.-3 fold-mold Casting 


A single, cold-mold, casting-experiment was performed to demonstrat 
feasibility. The casting procedure was to melt silicon in a quartz crucible 
at atmospheric pressure under an inert atmosphere. A clear quartz siphon 
tube was then inserted into the silicon. The other end of the siphon tube 
was lower than the melt and projected into a tapered graphite mold housed 
m a vacuum-tight chamber. Once the siphoning action was started (by re- 
ducing the pressure in the vacuum-tight chamber), the molten silicon flowed 
continuously into the graphite mold. Cold -mold casting may be adapted to a 
continuous melting and casting process in which castings of any desired con- 
figuration can be obtained. The life of the quartz melting crucible would 
be extended while the cold mold itself can be fabricated out of n variety 

of materials (e.g., graphite or water-cooled copper). The casting did not 
adhere to the graphite mold. 





FIGURE 3 - 24 
SUCTION-CAST SILICON RODS 
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semiconductor-grade s H icon suitable for making solar colls. Rapid pulling, 
however, offers the advantages of less development effort and bettor-quality 
product samples. 


hor meeting the 1986 price objectives, other consolidation methods 
s.k-I, a, lietorngonoons fluid-1, o.l sil.-nu- pyroly.is, molten silicon .hotting 
or roc t feeding Into Ctochrnlskl singlc-crystnl units should be ovnluatod. 

3. 2. 2. 6 Me Iter Development for EPSDU 

As discussed in Section 3. 2. 3. 3, the frce-space pyrolysis powder 
..can be control lably transferred to a melter and melted continuously with 
minimum degassing and dusting. Consequently, free-space pyrolysis powder 
has the potential of being fed directly into a crystal-pulling furnace, 
furthermore, convincing discussions with vendors of commercial melting 
equipment indicate that a commercial Czochralski crystal- growing apparatus 
can he modified to accept silicon powder as a feed and to produce poly- 
crystal line silicon rods. The melter for the EPSDU will be developed jointly 
with one or two vendors. For this purpose, Hamco of Rochester, NY, and Si 1 tee 
of Menlo Park, CA, have indicated their interest in developing suitable 
melting and consolidation equipment for free-space pyrolysis powder. Hamco 
has opted to develop rapid pulling of polycrystalline rods as the preferred 
consolidation scheme. Siltec's preferred approach involves transfer of 
molten liquid silicon into a semi- continuous, water-cooled, solidification 
chamber where a semi-crystalline ingot is pulled. Development and design 
of a melter system for EPSDU is expected to be accomplished in the proposed 
next phase of JPL- sponsored work. 

3.2.3 Fluid-bed Silane Pyrolysis 


3 . 2 . 3 . 1 Program Goals 


The 

position of 
of silicon. 


fluid-bed pyrolysis of silane involves heterogeneous decom- 
silane gas on hot silicon seeds to produce free-flowing particles 
The method offers the potential for converting high-purity 


SI 


silane into pure silicon that can be directly processed using standard 
Czochralski technology. 


As « result of the- Phase x, Med 6 program, .silane has boon success- 
>' PyroIyZOd *" " soo “ through, fluid-bed reactor at high efficiencies 
yield, ug dense, coherent plate on seed particles without generating excessive 
j i.mtitics of fines. Long-term (48-hour), continuous operation of the fluid- 
hed reactor and gas distributor was demonstrated. Experiments were also con- 
uc o in lonzontal reaction tubes to better understand and identify the 
conditions favoring the formation of silicon plate, powder, and fibers. 

During Phase II, an analytical model for fluid-bed pyrolysis was 
developed and direct heating of bed particles by capacitive means was demon- 
. Also, fluidization experiments were conducted using inert gases 
an a preliminary economic analysis of the fluid-bed system for a commercial- 
scale operation of 1000 MT/year was developed. 


3.i.3.2 Silane Pyrolysis Experiments 
3. 2, 3. 2.1 Fluid-Bed Pyrolysis 


• Equipment 


During the course of this program, see-through reactors wore 
used to study the behavior of spouting bods, spout fluidized beds, and 
fluidized beds. A water-cooled gas distributor was developed for studying 
the behavior of fluidized beds. The current reactor consists of a cylindrical 
85 mm I.D. glass tube (either quartz or Pyrox) that extended below the gas 
distributor and the resistant heating elements (Figure 3-26). A graphite seal 
between the gas distributor and the glass tube prevented the silicon seed- 
bed particles from falling below the gas distributor. An O-ring seal at the 
top and bottom of the glass tube kept the reactor pressure tight. A flota- 
tion collar filter assembly was positioned at the top of the reactor to trap 
elutriated fines. Figure 3-27 is a schematic of the gas-flow train. For 

long-duration experiments, a manifold permitted the exchange of silane cylinder 
Without interrupting the pyrolysis equipment. 
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FLUID-BOD REACTOR VIEW SHOWING PARTICLES OF 
SILICON SUPPORTED BY THE GAS DISTRIBUTOR 
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Early in the program, the conical bottom of the glass reactor 
contained a single-orifice gas injector. This configuration was unsuitable 
for elevated temperature studies. Several design modifications ensued until 
a flat-topped gas distributor was designed. The flat-topped distributor was 
water-cooled and contained the graphite pressure seal previously described. 
When spouting or spout fluidized bed behavior was studied, the top of the 
distributor contained a central 2 mm diameter orifice surrounded by a porous 
metal plate (30 micron average pore size). Gases could be introduced into 
the glass reactor through the central orifice, through the porous metal plate, 
or through both simultaneously. In the final gas distributor design, (Figure 
3-2S), the top surface consisted of a porous metal plate (30 micron average 
pore size) without a central orifice. Approximately one half of the porous 
metal surface was attached directly to the water-cooled base by brazing. 

With the current design, the temperature of the porous metal surface was 
below 300°C when the bed of fluidized silicon particles was at 950°C. 

To prevent elutriation of silicon fines from the fluid-bed reac- 
tor, a porous metal filter assembly was attached to the top of the glass 
reactor tube. The filter (30 micron average pore size) was contained in a 
cylindrical stainless steel case. The filter assembly was larger in I.D. than 
the reactor and fit over the top of the reactor without resting on the glass. 
It was supported by an overhead cable. The base of the filter assembly was 
attached to a Viton disk which, in turn, was attached to a collar sealed (by 
means of an 0-ring) to the upper portion of the glass reactor tube. The 
exhaust gases were directed through a hygrometer probe and to a bubbler to 
maintain the pressure within the reactor slightly above atmospheric. 

• Seed-bed Source 


To meet the purity objectives of the program (production of semi- 
conductor-grade silicon), a high-purity source of the seed material must be 
obtained. Once the fluid-bed reactor is operational, a portion of the product 
may he crushed and reused as seed material- The initial source of the seed 
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m;i t or i ;i l could probably bo obtained from a manufacturer of high-puri ty 
polycrystal l i no silicon. An investigation was conducted to determine the 
prav’t ion I i t y ot crushing bulk silicon using a hammer mill and cone, jaw, and 
roller crushers. After the first, comminution, the particles were elassi- 
iicd b\ -*cj coning into spec i tic s i e ranp.es. The particles remaining on the 
oh mesh Tyler screen were returned to the same crusher and the process 
repeated. The data presented in Table 1 11- 11 are the cumulative yield 
alter three crush i ngs and classi fieat ions. For particles in the -3S/+00 
mes!> size range, a SO".. yield was obtained through the combined use of a 
hammet mill and the roller .rusher. The f roe-flow and tap densities are 
presented in lable 11T-1.’, which lists the average cumulative properties 
of the silicon particles. Figure 3-.1P shows the typical acicular shape of 
all ot the powders examined with a scanning electron microscope (SFM) . 

brv and wet tumbling (polishing) of - 0 S/+ 0 O mesh particles were 
evaluated as a means of converting the acicular particles into a more 
spherical shape. A 10. A cm diameter rubber container was used for the 
pel i siting experiments, which were of 4, 8, or .M hours duration. Methanol 
and distilled water (equal volumes) were added to the powder charge for the 
wet polishing experiments. There was little change in screen analysis before 
and after the tumbling experiments. Fxamination of the particle shape in the 
scanning electron microscope did not reveal any noticeable decrease in 
particle ac i culnr i ty . 

• l ; \per intent s 


Several silane pyrolysis experiments were conducted with the 
dual gas dist rihutor. Mixtures of silane and helium ( from A. a to 11.7 volume 
percent silane) were injected into the fluid bed reactor through the central 
01 it ice. An envelope ot helium surrounding this gaseous mixture was used to 
fluidize the silicon particles. Although the intent was to have a spout 
tluidized bod, no spout was observed when the beds were at temperatures rang in* 
" vm 1010 f ; very active particle motion with a greal deal of slugging 

wa- observed. Tiro products of all pyrolysis reactions were powdered silicon 
and silicon coatings on the seed particles. \\, deposits wore observed on the 
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CUMULATIVE YIELD FOR SEVERAL CRUSHING METHODS 
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Crushing Method 

feed Stock Size 

Cumulative Yield 

•mm:, . . . ;.rr • v „ :.V3=;~ 

for Mesh Size 

Listed 


+J5 

35/60 

60/100 

-100 

Roller Crusher* 

l.X-cm to 1*35 mesh 

i 

37 

31 

31 

Hammer Mill 

10 cm to *f35 mesh 

23 

43 

20 

14 

Jaw Crusher 

10 cm to 4-35 mesh 

81 

10 

4 

5 

Cone Crusher 

10 cm to 4-35 mesh 

77 

12 

5 

6 

*lho feed stock had to be reduced (via the law 
for acceptance through the roller crusher. 

crusher) 

to the size indicated 


Crushing 

Method 

Cone Crusher 
Roll Crusher 
Hammer Mill 
Jaw Crusher 
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Tyler 

Mesh 

Density 

_(g/cc)** 

Flow Rate sec/50 c*** 

=S — — 

Free 

Flow 


Si 

Surface Area 
(m 2 /g) 

35/60 

60/100 

100/250 

1.05 

0.91 

0.85 

1.25 

1.14 

1.16 

156.64 

142.9 

0.03 

0.06 

0.11 

35/60 

60/100 

100/250 

1.09 

0.99 

0.95 

1.25 

1.27 

1.31 

127.27 

123.58 

0.03 

0.07 

0.15 

35/60 

60/100 

100/250 

1.14 

1.08 

0.98 

1.33 

1.33 

1.31 

101.64 

107.9 

0.028 

0.04 

0.08 

35/60 

60/100 

100/250 

1.08 

0.92 

0.85 

1.28 

1.20 

1.17 

154.3 * 
154.7 

0.075 

0.17 

0.25 
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wall of the reactor. Figure 3-29 is a photomicrograph of particle cross- 
sections from a 900°C experiment. The coatings were porous and approximately 
00,. of the particles examined had coatings (maximum thickness of 60 microns). 
In all experiments, except one. a small hollow cylinder of silicon grew 
around the central orifice. Experiments were conducted for up to two hours 

with no observable silicon deposits on the reactor wall, nor any evidence 
of particle clustering. 


Two series of experiments were conducted using the flat-topped 
porous metal plate distributor that did not contain the central orifice. 

In one series of experiments, a 200 mm deep bed was operated in the slugging 
mode with one percent silane in helium at 500°, 600°, and 950°C. At the 
lower temperatures, a significant (14%) quantity of the seed bed (-35/+60 
mesh) was elutriated from the reactor and remained in the filter assembly. 

At all temperatures, considerable quantities of silicon powder were pro- 
duced together with a shiny, mirror-like plated layer of chemically vapor 
deposited (CVD) silicon on the inside of the quartz reactor tube. Seed- 
bed particles from the elevated temperature experiments were not examined. 
Photomicrographs of sectioned particles (Figures 3-30 and 3-31) show that the 
coatings obtained at 500 C were porous and loosely attached to the seed 
particles, while dense and more coherent coatings were obtained at 600°C. 

In the second series of experiments with the same gas distri- 
butor, 400 mm deep beds of -3S/+60 mesh silicon particles were operated in 
the bubbling mode (approximately 1.5 times minimal calculated fluidization 
velocity) with 1% and 3% silane and helium. The experiments were conducted 
at temperatures of 500°, 600°, and 6S0°C. With the higher silane concen- 
tration, incomplete conversion to silicon occurred (a silane flame was 
visible at the vent port). At 600°C, higher pyrolysis efficiencies were 
obtained in bubbling beds than in the slugging beds. The pyrolysis pro- 
ducts consisted of powder, CVD coatings on the inside of the reactor wall, 
and particle coatings. Scanning electron micrographs of the particles 
showed a nodular growth indicative of dense coherent plate on the seed 
particles from all bubbling-bed experiments. In addition, bubbling beds 
appeared to produce less powder than the slugging beds. 
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One experiment was conducted to demonstrate that the current 
fluid-bed reactor could operate in the bubbling mode for 48 hours continu- 
ously. The reactor was operated with 1*1, silane in helium as the fluidizing 
gas for a 400 mm deep bed of -35/+60 mesh silicon particles. After com- 
pletion of the 48- hour experiment, it was observed that the Pyrex reactor 
tube had slumped and expanded in diameter from 85 to 100 mm. Beneath the 
expanded portion, a porous plug of agglomerate particles (approximately 
70 rniit high) had formed starting 80 mm above the gas distributor. Subse- 
quent experimental data indicated that the gas flow in the plug region was 
insufficient to maintain a bubbling bed. Consequently, the bed temperature 
near the distributor was too low for. significant pyrolysis to occur and 
minimal silicon plating occurred beiu« the plug. Above the plug where the 
seed particles remained fj.uidized, uniform particle plating occurred. A 
small quantity (5%) of powdered silicon was produced and some plating 
occurred on the reactor wall. However, most of the silane-to-silicon 
conversion occurred in the plug. The overall silane-to-silicon conversion 
efficiency for the 48-hour experiment was at least 90%. In addition, photo- 
micrographs of cross-sections of particles from above the plug revealed that 
dense coherent coatings were obtained. 

In spite of the undesirable plug formation, demonstration of a 
continuous 4S-hour experiment in the bubbling mode is an important step in 
fluid-bed pyrolysis development. From the above experiments, it was con- 
cluded that the bubbling fluidization mode is better suited for heterogeneous 
silane pyrolysis than other modes such as spouting and slugging. Problems re- 
lated to powder and plug formation should be addressed .in future experimental work. 


3. 2. 3. 2. 2 Horizontal Tube Experiments 

Experiments were conducted in horizontal pyrolysis reaction tubes 
to better understand and control the morphology of the silicon produced 
from silane in fluid-bed reactor experiments. The experiments were conducted 
by directing silane/helium mixtures both into heated empty transparent tubes 
and into heated transparent tubes packed with silicon particles. 

The experiments with the empty tubes were conducted at tempera- 
tures ranging from 440 to 900 C and silane concentrations ranging from 
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1/21. to 2%. In empty tube experiments conducted at 440° and 490°C, most of 
the silane passed through the tubes without decomposing. However, the tubes 
were discolored, indicating that some silicon did deposit. In all other 
empty tube experiments, (temperatures ranging from 515° to 900°C) gas-phase 
decomposition into silicon powder occurred together with deposits on the tube 
that appeared to be dense. 

For the packed tube experiments, two particle size cuts of metal- 
lurgical-grade silicon particles were used: an average particle size of 335 

microns and approximately 1 cm fragments. Experiments were conducted at 
temperatures ranging from 475° to 800°C and silane concentrations of 1/2% to 
10% in helium. By comparison to the open tube experiments under similar 
conditions, the visual onset of pyrolysis in the packed tubes shifted closer 
to the gas inlet end of the tubes. Select seed beds were examined micro- 
scopically after the pyrolysis experiments. At temperatures of 540° and 
600°C, the silicon that deposited on the 335 micron seed particles resembled 
fibers and no powder was observed. Figure 3-32 is a photomicrograph of 
typical fibers. Fiber growth was also observed by other investigators 
(Levin, Ref. 4 and Osada, et. al . , Ref. 5). Close examination of the fibers, 
grown at 600°C, revealed that they were extremely long and thin; whereas, 
the fibers grown at 540°C were much shorter. The length of the fibers also 
appeared to increase with silane concentration. 

In experiments conducted at 540°C, with 1 cm particles, fiber 
growth was reduced and the primary growth appeared nodular. At 800°C, 
using 1 cm particles, the product was primarily fine powder. In select 
experiments, efforts were made to pour the tube contents onto a table for 
examination For the 475°C experiment, this was easily accomplished and re- 
vealed that friable agglomerates had formed. For higher -temperature experi- 
ments, (at 525° and 575°C), the agglomerated particles bridged the reaction 
tubes and blocked the powder from flowing out. Examination of particles 
from the agglomerated region revealed the presence of nodular and fiber- 
growth on the particle surfaces. 

The data generated in the horizontal reactors explained some of 
the observed behavior in the more complex fluid-bed reactor. It was assumed 
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3 . 2 . 3 . 3.1 


Fundamental Bed Behavior 


e aim o the inert gas experiments described in this sort-- 
was to determine the behavior of flnldl,„n n a „ sectlon 

function of bed site and f 1 ° f SillC ° n Parti ° Us as ‘ 

were investigated with jr, *“ Pr0pertiES - Bubbling-bed condition, 
nvestigated, with additional experiments of slugging and spouting -bed, 
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• Bubbling- Bod Tests 


In each of these tests, the gas distributor was a sintered 
metal plate which caused the gas to flow uniformly into the bed. In room 
temperature, atmospheric tests at the Parma facility in an 85 mm I.D. 


column, active bubbling bods of -35, +60 mesh silicon were demonstrated with 
helium and argon fluidizing gas and bed heights between 50 mm and 200 mm. 

The distributor design in these experiments also allowed spouting bed opera- 
tion. 


Experiments were also conducted at elevated temperatures in 
which helium was the fluidizing gas in beds ranging in height from 50 mm to 
200 mm. Both the dual-gas-injector system (no gas was injected through the 
central orifice) and a porous-metal, gas-distributor plate were evaluated; 
no difference in bed behavior was observed between the two gas distributor 
designs. The experimental data are shown in Figure -3-33, The open data 
points represent the transition from a static bed to a fluidized bed; the 
transition was observed for decreasing molar flow rates due to expansion with 
temperature. The data designating the onset of fluidization are in good 
agreement with the calculated minimum fluidization velocities. Flow rate 
hysteresis effects were not observed for the transition from a fluidized - 
(bubbling) bed to a slugging bed, as shown by the .closed data points. In- 
creasing gas flows were used for this determination. Gas flow observation 
of the transitions in bed from bubbling to -slugging were subject to operator 
judgment. In addition, the transition from bubbling to slugging beds was 
less clearly defined for the 50 mm and 100 mm beds than for the deeper beds. 

The fluidization behavior of -60/+100 mesh silicon particles 
was also determined as a function of gas velocity and reactor wall tempera- 
ture for bed depths of 50 mm and 200 mm. Figure 3-34 shows the experimental 
data. The curves were similar to those in beds of -35/+60 mesh particles. 

The gas injection velocities at which the bubbling to slugging transition 
occurred decreased with increasing temperature. The gas flows for incipient 
fluidization were too low to measure with the flowmeter installed in the 
system. Minimum fluidization velocity decreases with increasing temperature 
and increases with increasing particle size. 
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FLUIDIZATION BEHAVIOR OF -3S/+60 MESH SILICON PARTICLES 
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Fluid-bed pyrolysis experiments and inert gas experiments in 
relatively small (.’" to .V diameter) columns and the analytical model work 
described later in Section S.2.3.4 indicate that the required bed height 
lor essentially complete pyrolysis at projected conditions is on the order 
ot one meter. To avoid slugging, and to model realistically larger beds, 
the current estimate is that the PDU must be 6" in diameter. Inert gas 
tests were done, therefore, in a 6" diameter column. Since operation with 
hydrogen and at high .temperature was inconvenient, an alternative method 
was used to fluidize the particles with a gas of the same density and 
viscosity as hydrogen at elevated temperature. This was done by using 
helium at room temperature and reduced absolute pressure. By controlling 
the pressure, the density was controlled to correspond to different frac- 
tions of silane. This correspondence between cold-bed test pressure and 
PDU reactor temperature and composition is shown in Figure 3-35. 


It was generally found that for beds up to one meter deep, a 
wide i-tngo of velocities could ho used without slugging. These results arc 
shown in Figure 3-36 for -35/+60 mesh particles. This figure shows results 
under conditions that are relatively unfavorable (low gas density and deep 
bed). Even so, there is at least a factor of three between the minimum 
fluidization velocity and the minimum slugging velocity. 


These tests confirm that a 6" diameter PDU is large enough to 
avoid slugging under projected permitting conditions, with results applicable 
to larger beds. 


• Test of Other Fluidization Modes 


Room- temperature experiments were conducted with two gas dis- 
tributor designs to evaluate the seed-bed behavior as a function of particle- 
size distribution, bed depth, and gas inlet flow velocity in the spouting 
legimc. Helium and argon were used as fluidizing gases. With a single- 


orifice, conical-base reactor, 
obtainable over a narrow range 
experiments was conducted with 


a spouting bed (without slugging) was only 
of operating conditions. Another series of 
a flat-topped, dual-gas distributor. This 
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distributor contained a centrally located spout orifice (2 mm diameter) 
surrounded by a porous metal plate. When helium was injected through only 
the central orifice and the porous metal plate, a stable spout was es- 
tablished while the annulus region was in a fluidized state. It was ob- 
served that too high a gas velocity through the porous metal plate would 
extinguish the spout. When helium was injected solely through the porous 
metal plate (central injector orifice was not used), active bubbling beds 
were obtained, as described above. 

Other alternative bed modes (fast or recirculating bed, moving 
bed, or turbulently fluidized bed) were not investigated since it was evident 
that the bubbling mode of fluidization was well suited for silane pyrolysis. 

3. 2. 3. 3. 2 Distributor Design 

A distributor for silane pyrolysis must meet the following 

criteria: 

1 ) 


2 ) 


3 ) 


Uniform distribution of inlet gas. Uneven distribution causes 
channeling or in extreme cases, spouting or slugging. This 
leads to poor gas-solid contacting and uneven mixing. 

Absence of clogging. Silane decomposition can quickly plug „ 
the distributor. Temperature control of the distributor is 
crucial for avoiding this problem. 


If possible, segregation of particles by size and preferential 
withdrawn 1 of large particles. This provides a more uniform 
product. 


from the earlier discussion of bed behavior, it is clear that a 
Hat-sintered metal plate can be used to achieve the first criterion; the 
second was met by integral water cooling of a sintered metal plate. As 
discussed in Section 3. 2. 3. 2, this distributor operated continuously without 


1 03 


Plugging for 48 hours, with no appreciable wear. Thus, the technique has 

CU ’ arly dc »°'>stTate t | for introducing the gas into a bed of silicon 
particles. 


The third criterion can be addressed by tapering the bed at the 
bottom into a boot section (as in Figure 3-37), where the superficial gas 
velocity is raised. This causes finer particles to be excluded from the boot 
section, thus segregating larger particles in the boot. The boot section of 
Figure 3-37 is a preliminary design. 


Initial tests using the boot showed that 
at a slow rate (Figure 3-33). Further work will be 
parameters. 


segregation can be achieved 
necessary to optimize the 


3. 2. 3. 3. 3 Attrition Experiments 


Attrition by particle collision results in a loss of product 


. v i . a, .toss or product fre 

the bed. The rate of loss dearly depends on the friability of. the solids 

d the violence of mixing in the bed. In these experiments, seed particles 
of crushed high-purity or metallurgical-grade silicon were used. T^ese 
particles probably are less friable than those resulting from pyrolysis; 
the degree of difference is unknown. 

Experimental attrition rates for different particle size ranges 
and degrees ot fluidization were tested in a one-inch diameter bed. The re- 
sults are shown in Figure 3-39. In each case, a brief spurt of rapid 

attrition occurred, after which the loss rate was less than 0.3%/day, which 
IS negligible. 1 


A separate observation was that high-purity silicon particles 
even after thorough washing, discharged a large amount of brown dust after 
emg fluidized at high temperature for 24 to 72 hours. This may be im- 
portant m evaluating experimental results for two reasons; first, this 
e fluent could be misinterpreted as homogeneous reaction product; and 
second, the mode of heteregeneeus pyrolysis growth (fibrous, modular, ’etc 1 
.as been found to depend on the degree of dust on the surface being coated 


104 



total volume 

OF 3" D SECTION 
= 424 CC 


FIGURE 3 - 37 

ROOT SECTION FOR PARTICLE SEGREGATION 




FLUID : HELIUM AT 1/6 ATM AND R.T, 


\LL P.I35 FT/gEO-lg" PIA l 
U-J-fl-37 FT/SEC ( 3“ DIA) 


BED AP = 58 MM H6 


35 MESH SILICON U mf * 0. 46 FT/SEC 
60H20 MESH SILICON U =0.11 FT/SEC 
D.B. 14708 PA 12-18 


CONDITIONS AT START 

I) -30 4 35 MESH SILICON 

1025 cc ALL AT TOP OF BED 

2} -60 +120 MESH SILICON 
10394 cc BED 

3) STATIC BED HT = 2.3 FT 



FLUIDIZATION TIME IN HO URS 
5 10 15 20 25 30 


FIGURE 3 - 38 

SEGREGATION DATA FROM PRELIMINARY TESTS 
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3. 2.3.4 Analytical Model 


An analytical model of the process of silane pyrolysis in a fluid 
bed facilitates the integration of experimental results and prediction of 
system performance. In the overall fluid-bed pyrolysis system, the inlet 
stream of silane is mixed with hydrogen and introduced at the bottom of the 
fluid bed. Small silicon seed particles enter the bed at another point. 
Particles in the bed are coated with additional silicon from the decomposi- 
tion of the silane, and are withdrawn as product after sufficient growth. 

At the top of the reactor the gas stream exits as essentially pure hydrogen. 

A portion of this hydrogen is cooled and recycled to dilute the incoming 
silane. The remainder is recycled to the STC hydrogenation reactor. Energy 
is added to the fluid bed to maintain it at the desired temperature. This 
temperature, the amount of diluting hydrogen needed, the size of the reactor, 
and the amount of energy required are set by the requirements for complete 
heterogeneous decomposition of the silane. Heterogeneous decomposition results 
in the coating of the silicon bed particles; homogeneous decomposition results 
in the generation of low-density, submicron particulate, which is undesirable. 


The key assumptions in the model are concerned with deposition rate 
data, which determine the necessary fluid-bed height and particle size, and 
critical concentration data which determine the amount of diluting hydrogen 
required to avoid significant homogeneous decomposition. The amount of di- 
luting hydrogen primarily determines the energy consumption of the reactor 
and the reactor diameter for a given production rate. 

The critical concentration data, available in the literature, are 
•.or high temperatures and low concentrations of silane. In epitaxial 
reactors (basically hollow tubes with inserts) at these conditions, the 
transition from heterogeneous to homogeneous decomposition is sharp and 
well defined. The values used here are extrapolations of this data. There 
is evidence that this is conservative when applied to the fluid bed. There 
is also some evidence (in work done at UCC/Parma and JPL) that at low temper- 
atures, the transition between modes of decomposition is not sharp and that 


the two modes occur at competing rates as would be expected. In the fluid 
bed, where the surface nren-to-volumo ratio is high, heterogeneous decompose 
t.i.on seems to be favored. This factor can be added to the model as further 

experimental data become available. Existing literature data are shown in 
figure 3-4 0. 


The model relates important process variables such as reactor size, 
conversion efficiency, operating temperature, particle size, energy, and 
hydrogen recycle requirements. 


given by: 


rhe amount of energy consumed per kilogram of silicon product is 


where: 


{■ 


E = < C1 “ f o S1H 4 + 2 n f o SiH 4 > - C 1 - f 0 siH4 ) ( T o ) 


C1 n) f o SiH 4 h SiH 4 " f 0 SiH 4 h SiH 4 


n ‘o Sill 4 AH f SiH + n f 0 SiH 4 h Si 


* m M 


n C4U M c- 
o SlH 4 Si 


1 


E is the specific energy consumption (J/kg) 

f o SiH 4 is the mole faction of SiH 4 at inlet (moles/mole) 

fI Si the m °lecular weight of silicon 

* l SiH 4 is t}ie e,ltha lPy °f siH 4 (referenced to 298.15°K) 
as designated at T or T Q 

is the enthalpy of H 2 (referenced to 298.15°K) 

h gi is the enthalpy of Si (referenced to 298.15°K) 

AIJ f Sill 4 is the neat °f formation of silane at. 298.1S°K 

T o 1S thc te nperature of gas prior to the entry into the reactor 
1 is the temperature of the reactor 
n is the conversion efficiency 

F ° r Com P lete conversion of silane to silicon, the energy require- 
ment, reactor temperature, and fraction of silane are related as shown in 
Figure 3-41. The largest contribution to the energy consumption is in 
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Critical Mole Fraction of Silane 









heating the diluting hydrogen. The larger the feed concentration of silane, 
the smaller this becomes. This energy is required because the inlet hydrogen 
and silane must be at a temperature much lower than that at which the reaction 


occurs. In practice, this difference 


— * — iiutu xs greater than the he 
Of reaction of silane pyrolysis. Thus, even though the pyrolysis reaction is 
exothermic, additional heat is required. 


The reactor dimensions are given by: 

4 r \ 1/2 

~ u ~ j 

M SiH 4 C o U r ^ 

L RCT) a 1 C1 * SiH 4 > ln 0 - n) ♦ 2 f 0 n J 

where: 

D is reactor diameter (m) 

L is bed depth (m) 

x is production rate of silicon (kg/s) 

U is the superficial gas velocity at bottom of the reactor (m/s) 
C Q is the concentration of silane at reactor inlet ( roolos ^ 

m^ 

R(T) is the rate of decomposition of silane on the surface, 
per mole fraction of silane (kg/m 2 s ) 
a is surface area of particles per reactor volume (m 2 /m 5 ) 

M SiH 4 * s molecu l a r weight of silane (kg/molc) 

Plug flow of the gas through the bed is assumed. This is the most 

appropriate model because it is probable that the bed will be operated only 

slightly m excess of l' mf , the minimum fluidization velocity. Backmixing 

of the gas is small, and bubbles disturb plug flow only slightly. The 

reasons for operating not far above U „ are: 

mf 

• The bubbles are small, reducing by-passing. 

• The bed is not violently agitated. (This may allow the adherence 
of a loose coating of silicon that would not stick otherwise.) 
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• I ho voidagc oi the hod Ls not greatly increased, minimi zing 
homogeneous decompos i t ion , 

• Internal heat transfer need not be extremely high in this 
application. Relatively slow solids movement is sufficient. 

The minimum fluidization velocity > 'and area per unit volume are taken 
from standard correlations (Kunii anc j Levenspiel, Ref. 6). 

The reaction rate is experimentally found to be first order: 

J’ s ’ W 

4 

R(T) = (2.56xl0 5 )exp(~l,92xl0 4 /T) (kg/m 2 s) 

where : 

j's is the rate of decomposition of SiH 4 

P is the absolute reactor pressure (etmo sphere) 

These data are available only at atmospheric pressure. At tempera- 
tures of interest, diffusion presents a negligible resistance to decomposition, 
and the decomposition reaction is the limiting step in the process. This is not 
true above approximately 1150°K as shown in Figure 3-42, The experimental data 
arc from Evers teyn and Put (Ref, 7). 

The reaction rate, as shown, increases rapidly with temperature 
(doubling approximately every 25°C) . The critical mole fraction, however, 
decreases at about the same rate. This indicates that raising the temperature 
allows the reactor to be shorter. Since the total gas velocity through the 
bed is limited by the bed mechanics, higher temperature, implying lower 

silane feed fraction, in turn implies that the reactor diameter must increase 
with temperature. 

Resulting calculations, showing these trends for reactor dimensions 
and energy consumption, are shown in Figures 3-43 through 3-45. 

The required energy flux through the walls of the reactor is: 

Q = tE/ttDL 
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where : 

Q is the energy flux (W/m 2 ) 


This energy flux is shown in Figure 3-16. As the size of the reactor 
increases, so does th* required flux. Typical heat -transfer coefficients for 
wall-to-bed heat transfer are 200-500W/m 2 K. As noted, the reaction rate in 
this temperature range doubles every 25°C; therefore, the temperature dif- 
ferences shown are very significant. The wall, since it is hotter, coats 
faster than the particles. The gas near the wall is hotter than the bulk, 
favoring homogeneous decomposition. 

The following results were obtained from the analysis of a single 
isothermal bed: 

• Based on the available pyrolysis data, a fluid-bed system 
that is energy-efficient and compact is feasible. 

• By heating the particles directly, unfavorable wall reaction 
(heterogeneous and homogeneous) can be avoided, giving more 
useful product, increasing efficiency, and preventing reactor 
deterioration. 

3. 2. 3. 5 Capacitive Heating 

Having determined that heating the bed particles directly is advan- 
tageous, there are different ways to accomplish it. Obvious choices such as 
radiant heat or laser beam heating are encumbered by severe economic and 
practical problems. The remaining methods are electrical. 


Induction heating of the particles is effective only for very high 

electrical frequencies and very large particles. In other olcctrlcal racthods 

cun on t is passed through the bed* that i<! if--; ’ 

a i •»- 1 , j ■ ' 1 ’ Xt 13 lm P°»cd rather than induced 

Although direct current has been used, there are disadvantages: 


• A continuous, very low impedance metallic conducting path 
to the particles must be maintained. This precludes the 
use of quartz or glass lining. 
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• Direct current encourages arcing relative to high frequencies, 
which could promote a type of homogeneous decomposition. 

The use of high-frequency current to heat the particles is shown 
in Figure 3-47. Electrical current is passed through the reactor walls and 
bed particles are coupled capacitively through a thin dielectric coating. 

The dielectric coating serves two purposes: 

1. It acts as a diffusion barrier to impurities. 

2. It spreads the current evenly through the bed because 
it has a high impedance to localized current. 

Using this type of heating, favorable (particles hotter than wall) 
temperature gradients of approximately 2£°C have been obtained between 
the particles and the reactor wall. 

There are two features here to note. First, a thin coating of 
quartz on the electrodes does not prevent the flow of current. The quartz 
acts as the dielectric of a capacitor, with the two capacitor "plates" 
being the wall and the bed particles Second, if the contact region between 
two particles is examined, the same effect is seen. There is a capacitance 
in parallel with the conductance through the actual region. These phenomena 
are discussed further below. 

3. 2. 3. 5.1 Electrical Behavior 

The conduction of electricity in a fluid or packed bed is com- 
plicated and not completely understood. The bed conductivity depends on the 
bulk conductivity of the particles, the electrical properties of the gas, 

and the shape and size of the particles. A dominant factor is the nature of 
the contact region between particles. All the current must flow through 
these regions and, because it is most constricted there, a large portion of 
the total voltage drop across the bed is at particle junctions. 




If the total impedance of the bed is a constant, real impedance, 
then the effect of adding dielectric (c.g., quartz) coating to the walls is 
to add two capacitors in series with the bed resistance.. At high frequency, 
the distribution of current near the contact region is modified. The net 

effect, is to add a capacitance effect in the bed itself, leading to a more 
complicated network model. 


Experimental measurements of electrical impedance have uncovered 
an unexplained phenomenon. There are two bed states. In the first state, II, 
which occurs primarily at low temperature (<150-200°C) , when the voltage across 
the bed is first applied or when the fluidizing gas is nitrogen, the bed acts 
as if the particles are coated with a very thin dielectric film. The conduc- 
tance increases practically linearly with frequency, as shown in Figure 3-48. 


As the experiment proceeds the impedance, after a time interval of 
about 30 minutes, drops abruptly and becomes independent of frequency. The 
fast transition takes place in less than two seconds. It occurs most easily 
when the fluidizing gas is inert (argon or helium as opposed to nitrogen). 

The resulting state, L, is what would have been expected from similar experi- 
ments with materials similar in bulk electrical properties to silicon. This 
behavior is shown in Figure 3-49. The resistance is constant with frequency 
and voltage. Once this second state is achieved, it persists until the power 
is interrupted or the gas flow rate is greatly increased; then it reverts to 

state H. Intuitively, one must believe that state L would continue at higher 
temperatures. 


Adding a ceramic coating to the center electrode increases the 
bed impedance -as expected. By adding a relatively thick coating, the capacitive 
impedance of the coating is made dominant, as seen in Figure 3-50. At high 
frequencies (<2MH z ) with both coated and uncoated center electrodes, the 
impedance proportionately decreases or increases with frequency, respectively 


Electrical power is dissipated in the bed in both low and high 
impedance states, although the frequency required is much higher in the 
high impedance state. The temperature of the bed increases as the power is 
applied. The thermal losses are both in the exit gas and through the walls of 
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FIGURE 3 - 52 

SCHEMATIC OF BED SHOWING POINTS OF TEMPERATURE MEASUREMENT 
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TIlMPHRATimi; IHSTRIBDTTON.S/RHSIII.TS FOR THSTS 1 AND 2 



Test 1 

Test 2 

Fleet rival Dissipation in Bed 

250 W 

200 IV 

1 ! 1 e e t r i e a 1 1 •’ r e q u e n c y 

75 k Hz 

15 k Hz 

Voltage 

44 V 



24 V 

Current 

18 A 

18 A 

Phase Angle 

. r o 

45 

0 


Temperature Pi stribut ion 


Point 

A (las Inlet to Bod 
B Bed Wall 
(1 Bed Particles 
11 (las Inlet to Apparatus 
1! (luard Heater 
P Outer Flange 


T(°C) 

T(°C) 

487 

210 

772 

1 7"7 

785 

301 

207 

184 

760 

215 

760 

240 


Test 


1 : 


Heating results with guard heating preventing side he 
temperatures are maintained so there is still heat lc 
not Iioat addition. 


loss. Note 
from IuhI, 


Tost 2 : No guard heating. 
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The electrical behavior of the bed is similar af high and low 
temperatures. There is an initial transient state in which the bed impedance 
is high (1500) , after which it drops to H-3B. This latter steady impedance 
IS dependent on the position of the electrode, and can be raised by partially 
removing the electrode from the bed. The lower impedance state also has a re- 
active component, corresponding to approximately U.5„F of capacitance, although 
t e origin of the transition between states is unknown, the electrical energy 
an e issipated readily in the bed, and even when it is confined to only 
the„upper portion of the bed, particle motion quickly distributes the heat 


a f, -a- a 0 ! thiS baSiS ’ ' Iire ' :t electrical heating can be used to maintain 
Ui ized bed at the temperature required for pyrolysis, with the walls 
substantially colder. 

When high current was passed through the bed, some particles 
sintered together in loose clumps, shown in Figure 3-53. This is beiieved 

to be caused by current concentration and must be investigated further before 
using this method in a pyrolysis reactor. 

3. 2. 3. 6 Commercial- scale Economic Performance 

To assess the cost-effectiveness of fluid-bed silane pyrolysis 
a preliminary conceptual design and economic analysis of a fluid-bed system 
was prepared at a commercial scale of 1000 MT/yr silicon. For the purpose 
of thrs analysis, the feed silane concentration was taken to be 10% at a 
reactor operating temperature of 607°C. The estimated fluid-bed diameter 
an leight are 44 inches and 10 feet, respectively. The mean particle 
diameter in the bed is 700 microns and the operating fluidization velocity 
is 1.5 times the minimum fluidization velocity. The economic study has 

Tfluidt r\ lf teChnlC ' 111 ’' SUCCeSsf “ 1 ’ cost of pyrolyzing silane in 
luid-bed system could be less than $l/kg, exclusive of the silane cost. 

A schematic diagram of 1000 WT/year fluid-bed reactor system is 
shown in Figure 3-54. The reactor has a boot at the bottom and an expanded 








FIGURE 3 - 54 

SCHEMATIC DIAGRAM OF FLUID BED PYROLYSIS 
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section at the top. Peed silane and hydrogen are mixed and preheated to a 
temperature of 227°C and introduced into the reactor. The bed particles 
are heated capacitively to maintain the reactor at 607°C. Silane pyrolysis 
in the reactor coats the bed particles with pure silicon. Larger particles 
are periodically withdrawn from the bottom. The hydrogen effluent rises 
into the water-jacketed expanded head and then passes through a porous metal 
filter into a hopper where the elutriated silicon fines are trapped. The 
hydrogen is then cooled and compressed by a reciprocating compressor and re- 
cycled through the reactor via the hydrogen preheater. The product silicon par- 
ticles are collected under a blanket of inert gas in a water-cooled storage 
hopper from which they are transferred to containers for packaging and shipping. 
The process scheme also includes a seed grinding vessel where large silicon 
particles are crushed to produce fine seed material, which is stored in a seed 
hopper for periodic introduction into the reactor. 

To estimate the cost of fluid-bed pyrolysis, a preliminary func- 
tional design was prepared of the various components in the above process 
scheme. A list of all the equipment is given in Table III-14. The con- 
ceptual design and cost estimate are preliminary at the present time and 
should be useful only as an overview of the approximate incremental or 
add-on cost associated with fluid-bed pyrolysis. 

Table I II~ 15 presents a summary of the projected economics for 
fluid-bed pyrolysis. The estimated installed plant cost is $1.81MM. The 
annual operating costs are estimated to be $0.52 MM. The projected 

pyrolysis-product cost is $1. 00/kg in 1979 dollars or $0.7S/kg in 1975 
dollars at 20% DCF rate of return. 

The above projected cost of fluid-bed pyrolysis is very attractive, 
particularly when compared with the high estimated cost of consolidating 
free-space pyrolysis powder by suction- casting or rapid-pulling techniques. 

It is concluded that if fluid-bed technology for silane pyrolysis can be 
successfully developed, it has an excellent potential for addressing the 

JPL/DOO 1986 cost goals for producing polycrystalline silicon for solar 
cells. 
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TABLE II I- 14 

1000 MT/YEAR FLUID-BED PYROLYSIS SYSTEM 
EQUIPMENT LIST fi DESCRIPTION 


Equipment 

Reactor 


Product Hopper 

Silicon Pines Hopper 

Seed Grinding Hopper 
Seed Storage Hopper 
Hydrogen Recycle Storage Tank 


Doscript ion 

Fluid bed reactor vessel composed 
of 3 sections; bottom section .15" 
dia. x 3,5' high, mid section 44" 
dia. x 12' high, top section 72" 
dia. x 10' high. Lower two sections 
quartz- lined* Material of con- 
struction Incoioy 800. 

6* dia. x 5' high, flanged on both 
ends, copper construction, cooling 
coils wrapped on the outside. 

6* dia, x 5' high, 45° conical 
bottom, 316SS construction. Has 
porous metal filters inside. 

4* dia, x 5' high, 45° conical bottom, 
flanged top, elliptic head, 316SS. 

3* dia. x 3' high, 45° conical bottom, 
flanged top, elliptic head, 316SS. 

9' dia. x 10' high, welded heads, 
316SS. 


Hydrogen Recycle Compressor 


Hydrogen Cooler 


Peed Preheater 


Silane Preheater 


Capacitive Heater System 


Porous Metal Filters 


Single-stage, dry- lube reciprocating 
compressor, 100 HP, 1800 RPM, 660V 
explosion-proof motor, 28 PS1G outlet 
pressure. Stainless steel valves fc 
2*x8' suction fi discharge tanks, com- 
pressor sized to handle 870 AC PM at 
inlet. 

Fin-tube hairpin exchanger, cooling 
water driven, 430 ft 2 heat transfer 
area. Il 2 on fin side. 

Fin- tube hairpin exchanger, hydrogen 
on fin side, heat transfer oil on 
tube side, 578 ft. heat transfer 
area. 

Fin-tube hairpin exchanger, silane 
on fin side, 22 ft. 2 heat transfer 
area. 


200 KW, includes power supply 5 
electrodes. 

2 

30 ft area, 5 micron pore size 
filters in silicon fines hopper; 
18 ft" area, 5 micron pore size 
filters in seed storage hopper. 
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TABLE III-15 


1000 MT/YEAR FLUID. BR Q PYROLYSIS SYSTEM 
PRELIMINARY ECONOMIC ANALYSIS SUMMARY 


Plant Investment 
Annual Op-erating Cost 
Working Capital (30% Operating Cost) 
Startup Cost (10% Investment) 

Start of Project 
Start of Production 
Years of Operation 
Sales Volume 
Investment Tax Credit 
Federal Income Tax 
Depreciation Method 

Discounted Cash Flow (DCF) Rate of Return 
Estimated Cost of Consolidation 


$1. 81MM 
0.52MM 
0.16MM 
0.18MM 
1979 
1981 
15 

10 6 kg/year 
10 % 

46% 

10 years sum of digits 
20 % 

$l/kg (1979 dollar) 

$0. 75/kg (1975 dollar) 
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SUCTION 4 

REACTION KINETICS AND THERMODYNAMIi: 
ANO PHYSICAL PROPERTIES 


Certain chemical, thermodynamic and physical properties of the key 

compounds of interest were incomplete and these had to be determined before 

detailed ptoeess design could be performed. An experimental program was 

conducted to correct this data deficiency and the data thus collected were 

correlated m a data bank for use in the computer-aided, facili ty. . process 
design. 


A search of the open literature, previous Union Carbide research efforts 
and an established computer data bank revealed that critical data about 
the hydrogenation of silicon tetrachloride (STC) and the redistribution 
reaction of dichlorosilane (DSC) and trichlorosilane (TCS) were incomplete. 
Deficiencies in the vapor-liquid equilibrium data for the DCS-TCS binary 
system and gas solubilities in liquid chlorosilanes were also identified. 

The status of all these data and the experimentally obtained data are 
discussed in this section. — 


4.1 CHEMICAL REACTIONS 


The Union Carbide silane process for producing semiconductor-grade 
silicon from 98%-pure, metallurgical-grade silicon feed contains four 
chemical, reactors. Figure 4-1 graphically depicts the equilibrium constants 
these reactions as a function of temperature. The basic chemistry of ... 
the entire process can be described by the following six reactions: 


Si + 2H 2 + 

3SiC1 4 £..4HSi.Cl 3 , 

(4-n 

2HSiCl, -*• 
3 <- 

SiCl 4 + H 2 Si.Cl 2 , 

(4-2) 

2H 2 SiCl, j 

I.ISiCl + H„SIC1, 

o 

(4-3) 

2!LSiCl -v 
3 «- 

H 2 SiCl 2 + Sill 4 , 

(4-4) 
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F.QUI L I BRIUM CONSTANT 







S i C 1 4 + H 2 


IlSiCl. 


^ + HC1, and 


(4-5) 


SiH, 


Si + 2H 2 . 


(4-6) 


The ST C hydrogenation reactor is the first chemical reactor in the pro- 
cessing train (Figure 5-1, 425-02). An equimolar mixture of hot hydrogen 
and STC is supplied to this fluid-bed reactor that contains metallurgical- 
grade silicon particles and is operating at 500°C and 515 psia. liquation 4-1 
ls t,1C tlominant reac tion and TCS is the desired product of the STC hydrogena- - 
tion. By reversible reaction 4-1, the amount of TCS in the product stream is 
about 15 mole %. 

The second and third chemical reactors are the TCS and DCS redistribu- 
tion reactors (Figure 5-1, 435-02, 435-04). In the TCS redistribution reactor, 
9/ mole liquid TCS at 70 C is fed into a fixed bed containing Rohm and Haas 
IBERLYS A 21, ion-exchange resin, which is the catalyst for reaction 4-2. 
This makes about 11 mole % of DCS, the desired product; however, because 
reactions 4-3 and 4-4 are also occurring, although to a lesser extent, small 
quantities of silane and monochlorosilane (MCS) are also made. 

In the DCS redistribution reactor, 71 mole °6 liquid DCS at 50°C is fed 
into a bed containing the same resin as above. In this case, there is no 
dominant reaction; reactions 4-2, 4-3, and 4-4 are all involved. The product 
stream has 12 mole % silane, 17 mole % MCS, 39 mole % DCS, 32 mole % TCS and 
0.5 mole % STC. However, since the silane is easily separated from the chloro- 
sl lanes by the last distillation column in the process train, ultra-high purity 
silane is produced. 

The last chemical reactor is the free-space, silane pyrolysis reactor. 

Here silane is converted into submicron, silicon powder .and hydrogen by 
irreversible reaction 4-6. This process will go to completion and one mole 
of silicon is made for every mole of silane. 


4.1.1 Equilibrium Constants (K^) and Heat of Reaction (All) 

Chemical equilibrium constants for the reactions described in Section 4.1 
were determined from experimental data. If the heat of reaction AH is considere 
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constant in the temperature range of interest, the following relationship 

is obtained for K as a function of temperature: 

P 


in K p 


Ah’ 

RT 


+ C o * 


(4-7) 


where R is the gas constant and C q is a constant. 


Upon evaluating all the available experimental data, K was calculated 

at constant temperature and plotted vs 1/T as shown in figure 4-1. The slope 

of the straight line is equal to - AH/R. These data show that reactions 4-1 

through 4-3 are endothermic and reaction 4-4 is exothermic. Table IV-1 gives 

the values of AH, C and K at 50 and 500°C. 

o p 

Experimental data were not available for reaction 4-5 and no data were 
needed for reaction 4-6 since it is known to be irreversible. For reaction 4-5 
the heat of reaction was derived from adjusted heat of formation values and 
(K p ) was calculated at 298°K using the standard Gibbs energy-of-foi'mation values. 


4.2 HEAT-OF- FORMATION VALUES 


The heat-of-formation values supplied by the JANAF tables (Joint Army, 
Navy, Air Force; Stull $ Prophet, Ref. 3) provide a means for calculating the 
heats of reaction for reactions 4-1 through 4-5. Assuming that the heats - 
of reaction determined from TCS and DCS redistribution experimental data arc 
reliable, the JANAF table heats of formation can be adjusted in a manner that 
minimizes the sum of squares of deviations from JANAF table values, while 
maintaining the observed heats of reaction. The results arc given in Table 
IV- 2. The amount of adjustment falls within the uncertainty limits given by 
the JANAF tables for heats of formation. 

When the calculated values are compared to the observed values presented 
in Table IV-1, it is seen that there is fair agreement for reactions 4-2 
through 4-4 (Table IV-3) . The only discrepancy exists in the observed All for 
reaction 4-1. Use of the 450, 500, and 550°C data points shown in Figure 4-1 
results in a All of 8746 cal/mole. These experimental data arc suspect because 
equilibrium was difficult to obtain, especially in the 450°C data. If the 500 
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TABU: IV- 1 


EQUILIBRIUM CONSTANT (K„) AND HEATS OF REACTION (AH) 

, — ■ ■ .. , ' — — , 


Equation 

AH 

C 

0 

o K P 

50 C 

500°C 

1 

35S4 

-4.4804 

4.46(10)" 5 

1.12(10)” 

2 

1486 

“1,7540 

0.0171 

0.0658 

3 

S19 

-0.2859 

0.335 

0.536 

4 

-601 

-0.3596 

1.78 

1.03 

5 

18399 

4.6933 

3.93(10)" U 

6.87(10)”' 


AH = cal/mole 


In Kp = 


-AH 

RT 


• + C. 
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TABI.li TV- 2 
1 1 1 : ATS 0I ! FORMATION 




.IANAF 

All°f 

Adjusted 
All f 

(JANAF-Adj listed) 

Change t< 

Sill 

8200 

+ 

- 500 

8135 

-65 

-0.70 

SilLOl 

-830 00 

- 2000 

-33731 

+160 

+0.50 

Sill^Cl 2 

-76000 

- 3000 

-76108 

+402 

+0.52 

Si HIM „ 
0 

-118600 

- 1000 

-118146 

+454 

+0.38 

SUM 

-158400 

- 300 

-158608 

-208 

-0.13 


All 0 1* - eal/mole at 208^K 

I l\o .1 ANA1* AH t values were adjusted by a least square tit technique, using 
the following All values taken from Figure 4-1 and Table IV- 1. 


liquat i on 


All 


”l ••r." T TT' •» n yr—1 




TABLE IV- 3 


COMPARISON OF HF.ATS OF R EACTION: OBSERVED. CAL Cl II. ATI 'll 

flkOM janAV Cables, calculated from adjusted Aii°f 


Reaction 
Equation No, 

AH 

Calculated 
JANAF Table 

4-4 

-600 

4-3 

700 

4-2 

2200 

4-1 

800 


AH 

From Calculated From 

AH f Adjusted All°f 

-601 

519 

I486 

3240 




All 

Observed Values 
-601 
519 
1186 

8746(450,300, 
550 C Data PTS) 

3554 (500, 550°C 
Data PTS) 


AH = cal/mole 


and S:>O l V data only are considered, 
tlu> All found when t ho adjust od lioat 


All hooomos AS!>d - ca I -'mo I e and agrees 
of format ion va I mu; were ur.od. 


w i I h 


Tho adjustod A 1 1° f valuos Riven in Table IV..' and the observed k and 
AH values Riven in Table IV 1 form a consistent set of data based on’uie 
latest experimental studies of TVS and PCS redistribution and STC hydrogena- 

tion. 1 1'ose data sets provide the best information available, at the present 
t i mo*. 


•1.0 U PACTION K1 NIT ICS 


lhree catalytic react-u-s are used in the silane process for convert inp 
metal luryical silicon to hiRh-purity. semiconductor-grade, molten silicon. 

Ihe metallurgical silicon is first converted to t rlchloros i lane (TCSj in a 
hot. copper-catalysed. STC-hydroRenat i on . fluid-hod reactor. The trichloro- 
silane is ultimately converted to pure silane in two catalytic redistribution 
reactors in conjunction with appropriate disti-1 lation -separations. The 
kinetic characteristics of the hydrogenation reactor and both liquid-phase 

chlorosilane redistribution reactors have been measured. Results are reported 
ho l OK . 


Si 1 icon Tetrachloride (.STC1 11yd r 


•oi’ono t i on 


In the ItCC silane process, an equimolar mixture of hot hydrogen and 

S1V is to th0 STC-hydrogenat i on reactor, wh ich conta i ns 

a tluidir.ed bed ot metallurgical silicon and copper-cat a lvst powder. The 
gas mixture reacts reversibly with the silicon particulates in the fluid bed 
to yield a mixture which, at equilibrium conditions, contains about 1 y;, [\:s , 
the sought product. The primary reaction ^equation (•1-1), Sect ion 1 . lj . 


Si i .Ml, + ASifl -+■ .IMS it! 1, 


(I I) 


is accomplished via complex gas- and solid-phase reaction mechanisms. In the 
lol lowing paragraphs a description of the experimental apparatus and procedure 
is pun i ded . and the kinet ic data obtained an' examined and correlated. 


I IS 


4 # 3 • 1 * 1 Iix l H>r 1 Incnt « 1 Apparatus and Procedure 

of ear n ’° ChomlciU data ust!d “> evaluate the kinetic., of the hydrogenation 

were flUld ' ht,d rcact0M - Hydrogenation run, 

e in a 2 5-cm diameter, 30.5-cm high, ««!»,„, st eel reactor fined 

W t„ 185 Brains of 100-hy 200-micron silicon. A schematic of the reactor i, 
shown in Figure 4-2. ct01 1 s 

The appropriate mass ratio of HjiSTC was achieved by bubbling the 

let a '"° Statetl res ervoir of STC. The temperature of the reservoir 

‘ 7T n concentration of STC. The feed gas to the reactor was super- 

“ , a Ut 350 c I,rior t0 enteri "S «>* electrically heated reactor tube 

reactor # aV °‘° rlflCe dlst Til>ution grid. The chlorosilane fraction of the 

while the hydro' ^ colli!ct<!d in » -«°C refrigerated condenser, 

h the h> drogen and noncondensibles were vented to the atmosphere through 

a back pressure regulator. The condenser was nearly 1004 efficient in cap- 
the'vcnt' 16 c!, 1 ,!' 05113 " 63 ’ “ indlCatCd by the colorless hydrogen flame at 

as described eX°^“ flTT ““T' ‘ h ™ at ° 8raphiaally 

free basis i rw 3. 1.2.1). The results are reported on a hydrogen. 

!V o ’ .'I C0 " I ’ 0Slti0 " ° f condensed chlorosilane., in Table 

it H dichlorosilane, trichlorosilane, and silicon tetrachloride were 
CC ed in the samples. No effort was made to analyze for the components 
as intermediate or by-products, since they are present in minute 
amounts only. The apparatus as originally constructed was capable of 
operating at up to 118 psia. It was later modified for operation at up to 

psia by providing a separate STC feed pump and vaporizer and an enlarged . 

do collection vessel. Because of the short bed height, the range of 

iiiod C " C 7 lmeS C0UH b ° 0btainCd l " a regime were 

limited to under IS seconds. 


a specifiT CXPOri ”" tal Pr ° CCdUr ° of charging the reactor with 

«0 and 5 i,Oc“' 'lie 2 ^ 77 ^ 7 "^ T**'"* a ‘ 

iatios of H 2 :S1C. Additional silicon was then 

do increase the bed height .and the runs were repented. The bed was 

Hind, zed at O.Oi, ft/sec. 1 the higher fiows wore used at the higher :ST C 
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METER 
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X- 


SiCL, 
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0 
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S 

* 
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DISTRIBUTOR 
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2.54cm I.D.x 30.5 cm LONG 
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FIGURE 4-2 
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145 



TABLE IV-4 


HYDROGE NATION OF STC 
PRODUCT COMPOS ITI ON "DATA 


— “ — - — — — 1' 1 ■ » 




_ Pressure 

Temperature 

H 2 :ST< 

Molar 

Ratio 

Reactor 



Product 

Composition, Mole 

psi a 

°C 

Residence 
Time (1) 
Sec. 

Mole °6 
H 2 SiCl 2 

Mole % 
IlSiCl^ 

Mole 

SiC I.. 
4 

206 

500 

2.04 

10 

0.4 

9.5 

90.10 




21 

0.76 

18.0 

81.24 




34 

0.85 

22.0 

77.15 




45.5 

0.95 

21.7 

77.35 



5.04 

10 

0.25 

5.7 

94.05 




21 

0.50 

12.0 

87.50 




34 

0.78 

18.7 

80.52 




45.5 

1.05 

22.6 

76.35 

206 

450 

2.04 

10 

0.20 

4.5 

95.30 




21 

0.36 

9.2 

90.44 




34 

0.54 

14.3 

85.16 




45.5 

0.67 

17.5 

81.83 



5.04 

10 

0.05 

4.5 

95.45 




21 

0.20 

9.5 

90.30 




34 

0.54 

15.0 

84.46 




45.5 

0.80 

19.2 

80.00 

65 

500 

1.3 

5 

0.20 

13.8 

86.00 




9.8 

0.24 

17.19 

82.57 




14.8 

0.26 

18.86 

80.88 




21.2 

0.30 

18.99 

80.71 


450 

1.3 

39.6 

0.184 

16. 14 

83.67 




29.8 

0. 138 

14.26 

85.60 




27.4 

0.126 

13.7 

86.17 

— 



13.6 

0.095 

11.3 

88.61 


(1) Based on Cu/Si Bed Volume 

(2) II Free Basis 
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rnt.o to maintain the name quality of fluidization. Chemical ,lata obtained 
wee considered valid after a brief activation or initiation period during 
winch the conversion reached a steady-state value. The residence time was 
altered by controlling the gas flow rate through the reactor. At residence 
times higaer than 15 seconds, the lied was lightly fluidized. 

Kinetic data were also obtained in the hydrogenation reactor of the 
Process Design Unit (PDU) . (See Section 3.1. 2.1 for description of the 
hydrogenation section of the PDU.) Kinetic data were obtained as a function 
of bed height, temperature, H,:STC molar ratio and operating pressure. The raw 
data are presented in Tables IV-S and IV-6. The fluidisation was maintained 
at l.S to 2.0 times the minimum fluidization velocity to avoid a sluggish 
bed. In all reactions, the copper/silicon contact mass ratio was prepared 
hy blending 2.5 wt i cement copper with metallurgical silicon. These ex- 
periments have indicated that metallurgical silicon of n,!)8!S purity is 
modestly active for the hydrogenation reaction; however, the time required 
to achieve a steady-state activity is shortened and the constancy of the 
activity improved when a small amount of copper (<2i) is present, Highcr- 
punty silicon (99 .531) proves to be less reactive than 971. silicon; in 
turn, 97 u silicon is iess active than the 97t silicon plated with 21 copper. 

It appears that the rate of hydrogenation is greatly increased by the presence 
of copper or metal impurities in the silicon metal. The increased rate may 
be ascribed to the catalytic activity of the copper and/or impurities, causing 

secondary reactions. The nature and/or sequence of these reactions is not 
obvious at this time. 

•4.3. 1.2 Kinetic Data Evaluation 


A preliminary kinetic model of the STC hydrogenation reaction was 
developed which could be used to design larger scale fluidized bed reactors 
lung residence time, fixed-bed laboratory reactor data (Tabic 1V-5) was used 
to develop the nature and composition of the chemical equilibrium reached in 
reaction (4-1) as reported in Section 4.1.1. Uonction (4-1) as written 
presumes gaseous hydrogen and STC reacting with solid silicon (aided hy the 
copper catalyst). One could assume that the mechanism actually involves •, 
gas-phase reaction-net involving sillcon-hetween hydrogen and STC to form 
res and MCI as in reaction (4-5). Partial confirmation for this was that in 
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TABLE IV- 5 


HYDROGENATION OF STC AT 112 PSIA WITH 2 % Cu/Si 


React i on 
Jemperat ure 


450 

450 

450 

450 

500 

500 

500 

500 

550 

550 

550 

550 

450 

450 

450 

500 

500 

500 


550 

550 

550 

550 

550 

550 


H 2 !S1C1 4 

Ratio 

ResidenccC 
Time 
Sec . 

Produc t 
H-SiCl 0 
% 2 2 

Composition. 

HSiCl. 

% 3 

Mole 
SiCl . 
% 4 

0.83 
0.83 
0. 83 
0.83 

71.8 

75.1 

132 

135 

0.236 

0.306 

0.238 

0.311 

16.34 

16.72 

16.87 

17.67 

V 

83.43 

82.97 

82.89 

82.02 

0,83 

0.83 

0.83 

0.83 

50 . 3 
48.6 
94.2 
106 

0.368 

0.368 

0.362 

0.379 

. 19.34 

19.49 

19.48 

19.61 

80 . 30 
80.14 
80.16 
80.16 

0.83 

0.83 

0.83 

0.83 

23.5 

23.1 

41.7 

41.9 

0. 389 
0 . 388 
0.394 
0.396 

19.87 
20. 18 
19.74 
19.51 

79.74 
79.43 
79. 86 
80.10 

2.5 

2.5 

2.5 

74.8 

74.4 

124 

0.529 

0.512 

0.488 

22.95 

23.41 

23.57 

76.52 

76.07 

75.95 

2.5 

2.5 

2.5 

51.8 
51.7 

69.9 

0.675 

0.670 

0.698 

26.71 
26. 73 
26.70 

72.61 

72.60 

72.61 

2.5 

2.5 

2.5 

2.5 

2.5 

2.5 

16.5 
19.3 

19.5 
39 . 2 

64.5 
119 

0.684 

0.654 

0.673 

0.684 

0.646 

0.591 

27.04 
27.35 
27.13 
26.99 
26 . 39 
25.66 

72.27 
71.99 
72 . 20 
72.32 
72.96 
73 . 74 


(1) Based on Cu/Si Bed Volume 

(2) IL- Free Basis 



tabu; i v.fi 


Wro oMNATION OF STC IN 5 g nr, r eactor wrT „ , t 


*•?.. R«ti 0 . 

” cl « ht Initial T.avp. 

Inches H./SiCl,. °c 


Pressure | to si 

i ,si 8 Time 


donee Mole *> 

* soc, ll.Sici 


17 

17 

17 

17 

17 

1 7 

17 

17 

1 7 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

17 

27 

27 

27 

27 

27 

27 

27 

27 

27 

27 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 

36 


2.10 
2.10 
2.02 
2.02 
2.02 
2.02 
2.02 
2.02 
2.02 
2.02 
2 . 02 
2.02 
S . 04 

5 . 04 

5.04 

5.04 
5.04 
5.04 
5.04 
5.04 
1.99 
1 .99 
1.99 
1.99 
1.99 
4.98 
4 .98 
4.98 
4.98 

4.98 

1 . 99 
1 . 99 
1.99 
2.09 
2 . 09 
2.09 
2 . 09 
2.09 
2.09 
2.09 
2.09 
2.09 

2.09 
4.98 - 
4.98 

4.9 8 
4.98 
4.98 
5.23 
5.23 
5.23 
5.23 


513. 7 

513.7 

504.0 

518.2 

514.0 
514.9 

486.8 

466.6 

465.2 

442.0 
419.4 

206.2 

537.0 

509.8 

500.7 

497.8 
461.3 
465.2 

420.6 

414.1 

463.7 

465.8 

479.2 

496.0 
428. S 

485.4 

485.2 

494.8 

458.4 

395.6 

419.6 

425.0 

481.6 

377.9 

388.2 

401.7 

438.9 
4 36.7 
452.6 

487.0 
4 7 3.9 

474.0 

478.2 

432.4 

4.32.9 

485.4 

481.0 

481.3 

488.3 

485.5 

488.0 
SOS. 1 


Mole 

• ! usici* 


200 

195 

191 

195 

1 95 

195 

191 

191 

191 

191 

192 
168 
198 
191 
191 

191 

192 

191 

192 
191 
190 
190 
190 
145 
ISO 
190 
190 
180 
190 
190 
199 
19 5 
188 
152 

1 70 
179 
8S 
97 
151 
160 
170 
175 
184 
195 

194 

193 
200 

195 
197 

190 

194 

191 


31.7 

19.1 

19.1 
18.0 
20.0 
21 .6 
55.5 
5 4.0 

48.1 

43.0 
4 7.3 
48.8 

22.1 
25.2 
.38.3' 


0.66 
0.70 
0.76 
1.01 
0.26 
0.74 
0.91 
0.99 
0.45 
0 . 22 
0.98 
0. 86 
1.16 
0 . 2 ) 

0 . 29 
0.38 


0.65 
0.69 
0.73 
0.80 
0.48 
1.18 
0.64 
0.69 
1.5 3 
1.27 
1 . 34 
0. 76 


13.8 
31.117 
10.0 

9.7 

14.9 
17.7 
18. S 

23.6 

7.3 

15.9 

19.1 

20.7 

12.1 

7.4 
17.2 

17.0 

21.7 
• 0.9 

11.4 

13.5 

14.7 

12.5 

8.0 
12.0 
18.0 

18.8 

19.6 


**2”^ roe balance SiCl 




an "empty- tube" oxncrinom- „ 

0,1 the ' Samc orde1 ’ of magnitude's pro^tedT T (M%) Which was 

reaction of HC1 with sUjco „ d hy Tlio rapid 

commercial ^ is L 


S i Cl + h 
4 2 


HSiCl 3 + HC1 


3 IiC1 + Si v H S1C1 3 + i| 


(4-5) 


(4-8) 


reaction of H, £ 2c “il!^ ° f *»• »• 

of reaction (4-5, f o:io „ ed by tq J ° of ,,Ile » like,,- be a sequence 

scavenge the HC1, shifting the equilih dl th ° Silicon acts to 

TCS. Wlille there is some experiment ° f < ' 4 " 5 ' ) t0Ward hi gher yields of 

which gives credence to the use of a'rev^ible K ^ poth 

involved in the formation of TCS includ- , an6tlC m ° de1 ' th ® actual st eps 


n Si Cl 


k. 

->T 

«- m HSiCl, 


(4-9) 


where n and m are the number of moles of 

k ! ^d k 2 are the kinetic rate constants reS P ectiv ^X and 

forward and reverse reactions arc equal' 'r k /..T, thC ratos of "'c 


^Ucii, /K - 1- . 

to an equilibrium partial pressure of tho 2 'equilibrium 5 which leads 
Jata presented in Tables it., ’ , * he C “*°«" t * experimental 

the systen, were converted t0 ' a 
components which could be present (HC1, 

eatalytical ly affect the overall kinetics w'ert a.^TL'^ """" ^ 

UIjlCc ‘ t0 he constant. 

Tlic raw mole fraction data from Tables iv <; , „ 

Partial pressures and the bed heights und • - d 6 W ° r ° convei 'ted to 

t0 times as presented ^ ^ “verted 

Of i cdctant concentration as partial nr ° UR Iv “ 12 * The expression 

- -e constants which ^ - 

nt ure only. pressure and a function of temper- 
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TAB 1. 1! IV- 7 

£lkl£flfl THTUACHLOR I Di; | iyd roghnat ion 
CHP.M TC a I . AN ALY.S j S n ATjC 

T - 20(1 psia, T = r.oo°c, 


1 1 2 : STC = 2.0/1:! 


Pen r ion 

Species 
' fine 

h 2 

.... 

DCS 

TCS 

STC 

0 See 

Nx 

0.6711 

0 

0 

0 . 3289 


Px 

138.25 

0 

0 

67.75 

10 Sec 

Nx 

0.6594 

0.0014 

0.0324 

0.3069 


Px 

135.84 

0.288 

6.674 

63.22 


APx 

-2.41 

+0.29 

+6.67 

-4.53 

21 See 

Nx 

0.6482 

0.0027 

0 . 0633 

0.285S 

- 

Px 

133.53 

0.5566 

13.040 

58.87 


APx 

-2.31 

+0.27 

+6.37 

-4.35 

34 Sec 

Nx 

0.6429 

0.0030 

0.0786 

0.2755 


Px 

132.44 

0.618 

16.192 

56.75 



APx 

-1.09 

+ 0.06 

+3.15 

-2.12 

45. 5 Sec 

Nx 

l 

0.6-1. ) 

0.0034 

0.0775 

•0.2761 


Px 

132.48 

0.700 

15.965 

56. 88 


APx 

+0 . 04 

+0.08 

- 

-0.23 

' - i 

+0. 13 


Legend: Nx: 


Px: 


APx: 


Mole Fraction 

Partial Pressure, psia 

Change in Partial Pressure, psia 


W.-i'-A. . 
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TABLE IV-8 


SILICON TETRACHLORIDE HYDROGENATION 
CHEMICAL ANALYSIS DATA 


I’ - 206 psia, T ■ 500°C 
H 2 «STC » 5.04:1 


Reaction 
* 

-^.Species 

Time''''^.^^ 

H 2 

DCS 

TCS 

STC 

1 

0 Sec 

Nx 

0.8344 

0 

0 

0.1656 


Px 

171.89 

0 

0 

34.11 

10 Sec 

Nx 

0.8314 

0.0104 

0.0096 

0.1586 


Px 

171.27 

0.08 

1.98 

32.67 


APx 

-0.62 

+0.08 

+1.98 

-1.44 

21 Sec 

Nx 

0.8279 

0.0009 

0.0206 

0.1506 


Px 

170.55 

0.19 

4.24 

31.02 

j 

APx 

-0.72 

0.11 

+2.26 

-1.65 

34 Sec 

Nx 

0.8240 

0.0014 

0.0329 

0.1417 


Px 

169.74 

0.29 

6.78 

29.19 

i 

APx 

-0.81 

+0.10 

+2.54 

-1.83 

45.5 Sec Nx 

0.8216 

0.0019 

0.0403 

0.1362 


Px 

169.25 

0.39 

8.30 

28.06 

! 



APx 

-0.49 

+0.10 

+ 1.52 

-1.13 


Legend: Nx: Mole Fraction 

Px: Partial Pressure, psia 

APx: Change in Partial Pressure, psia 
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TABLE IV- 9 

SILICON tetrachloride MYDRQGEN AT ion 
CHEMICAL ANALYSIS DATA ' 

P - 206 psia, T = 450°C, 

IL :STC * 2.04:1 


Species 

Reaction 

M . m ■ 

0 Sec Nx 


0.6711 

138.25 


10 Sec 


0.6656 

137.11 

-1.14 


0.0007 


0.0150 


21 Sec 


0.6598 

135.92 

-1.19 


0.0012 


0.0313 


34 Sec 


0.6533 

134.58 


0.0019 


0.0496 

10.22 


45.5 Sec 


0.6491 

133.71 

-0.87 


0.0024 


0.0614 

12.65 


Legend: Nx: Mole Fraction 

Px: Partial Pressure, psia 

APx: Change in Partial Pressure, nsin 


TABLE IV- 10 

SILICON TETRACHLORIDE HYDROGENATION 


CHEMICAL ANALYSIS DATA 


206 psia, T * 450°C 
H.JSTC » 5.04:1 


' — Species 
Reaction Time'’'*'*'*^ 



0.8344 

171.89 


0.1656 

34.11 


10 Sec 


0.8322 

171.43 

-0.46 


0.0001 


0.0076 


0.1602 

33.00 


21 Sec Nx 


0.08295 

170.88 

-0.55 


0.0003 


0.0162 


0.1539 

31.70 

-1.30 


34 Sec Nx 


0.8263 

170.22 


0.0009 


0.0261 


0.1467 
30.22 - 


45.5 Sec Nx 


0.8238 

169.70 

-0.52 


0.0014 


0.0338 


0.1410 

29.05 


Legend: Nx: — Mole Fraction 

Px: Partial Pressure, psia 

APx: Change in Partial Pressure, psia 











J 












The data was evaluated by testing the correlation to various orders 
ol reversible kinetic Models. The boundary conditions assumed that the partial 
pressure oi K.S was initially zero and the partial pressure of STC was at the 


i n 1 1 Lai value in the reactant feed stream (P - o 

o, l(,S 


initial value) 


o, STC 

1-or a txrst order, reversible reaction, the not rate of production of TCS is 
given from the stoichiometry of reaction (4-5) as 


d P, 

TT 


res 


k l (P 0,STC 


,V4 p. rcs ) - 


: P 

2 TCS 


(4-10) 


I'he first term represents the formation of TCS by the forward reaction while the 
second term represents its consumption by the reverse reaction. At equilibrium, 
dP TCS 

( = 0 at = P^ .^g) equation (4-10) becomes 


*1 (P o,STC ' 3/4 P 0,TCS’ * k 2 


from which 


k 2 = k l 


o,STC 


- 3/4 P 


e , TCS 


e , TCS 


Substituting in equation (4-10) and simplifying 


d P 

a t TC g 


e,TCS - P TCS 


, o , STC 

k dt 

1 P. 

o,TCS 


Integrating with the condition P =0 and t = 0 gives 

1 Lu 


In 


P P 

e,TCS o,STC. 

K t 

P - P P 

e , TCS TCS e .TCS 


(4-11) 


(.4.-12) 


(4-13) 


(4-14) 


This expression correlated well with the experimental data, Figures 4-S 
through 4-8. The slope of the resulting straight lines from each data set 
was determined and listed in Table IV- 1 3. Variation of k wi th temperature 
should follow an Arrenheus relation. However k 1 should not vary with total 
pressure or hydrogen partial pressure— which it does. This indicates that this 
pseudo first-order kinetic model does not completely represent the actual 
reaction, although it fairly represents the system at the experimental conditions, 
ibis is not surprising since many of the factors which intuitively would he 
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im-Minwl to affect rlio reaction (hydrogen partial pressure, reactive surface 

**""*"' ‘• 0, ’ l ’ or *»*»»-" concent rat ion a,ul gas-solid contact efficiency 
alt.) not stud ovor a I, road enough range to ho incorporated into tho 

modal. Tho empirical kinetic model was used to develop the functional dosi R n for 

I: "' R01 ' St; " 1 ’ n " kl l,oU hydrogenation reactor by matin,, conservative assump- 
i'ons concerning the effect, of the unincorporated variables on the reactor design, 

n ' C SLalc process design calls for opei ting the hydrogena t i on 

liactoi at about oOO pstg where tile equilibrium conversion to TCS is substantially 
higher than at lower pressures. The equilibrium compositions can he accurately 
determined for any temperature and pressure from the discussion in Section 4.l' 

JCtel ' Mi,,C thC “»*««. k,. at SOU psig and 500«C. an extra- 

,.o atto" was made based on the experimental observation at 05 to 200 psig that at 

’ r ° aCtl0n ratu “" at! > nt ''“'ied directly with tho STC partial pressure 

and inversely with the hydrogen partial pressure. Thus at a 1:1 ll_,:STC ratio 

(l o,ST(l * - 57 > at 500 P s i8. kj was calculated to he 0.0005. The de'stgn equa- 
tion (4-14) which relates TCS partial pressure with superficial gas residence 
time then becomes: 


e , TCS 

P “I~T> 

e , TCS TCS 


0 . 00(53 


o , STC 
’e.TCS 


(4-i ro 


P ICS = P e,TCS 1 ■ PX P [-0.00(13 


o , STC 

l> 

e, TCS 


at P 0( . na - 75 ( 4 - 10 , 


P 

TCS 


1 - e 


-0,0216t 


(4-1 7) 


.hen similar silicon particle site distribution and copper catalyst concentration 
are used as in the experimental studies, equation (4-17) provides a conservative 
‘lesijin bn s i s for the hydrogenation reactor. 

•1..5.J Catalyst Properties nml Reaction Mechanism 


The catalyst that has been chosen for the redistribution reaction is 
AMIH-RI.YST ' A-21, manufactured by Rohm f, Haas Chemical Company. This material 
is a macro ret i cular, styrene-divinyl, benzene resin to which has been grafted 
ilimethylamino functional groups. The physical properties of the resin are 
listed in Table 111-8. 
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FIGURE 4-7 
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FIGURE 4-8 
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Before using this material for the redistribution of chiorosi. Janos, 
it was important to determine, in addition to the reaction kinetics and 
equilibria, the effects that would result from process upsets, changes in 
inlet feed composition, and MCI addition (as from moisture contamination), 

A study using deuterium-labeled trichlorosilane and deuterium chloride was 
performed to help define the reaction mechanism so that the effects of 
process changes could be qualitatively determined. 

It should be appreciated that AMBHRYhS'l® A- 21 is functionally a 
tertiary, aliphatic, amine whose chemical activity parallels other tertiary 
amines, its solubility and vapor pressure have been altered by attachment 
to a polystyrene support. Thus, for the purpose of comparing its catalytic 
activity, A- 21 could be expected to behave chemically like tributylaminc 
or trimcthylamine. 


A plausible reaction mechanism for the redistribution reaction of 
chlorosilane is presented below. The hypothesized mechanism involves the 
reaction of a chlorosilane with the catalyst to form an ionic, amine-chloro- 
silane salt. This is followed by reaction with a second molecule of chloro- 
silane, with rearrangement of the H and Cl to form two different chlorosilancs , 
e.g. , 


Me 

N: 

Me 


4* 

Me 


Me 

+ 2HSiCl 3 -v 

R-NM + SiCl_ + SiClI 
Me 3 3 

■<- 

R-N.v.hT. .S iCl- 
Mc i* \ 3 


+ IlSiCl 


L. \ \ _ 

\ •» 


(4-18) 


Me 

Cl HSi. .Cl + RN: 
Me 


+ H 2 SiCl 2 + SiCl 4 , 
where R = polystyrene support. 


In 1970, Reedy (Ref. 9) determined that tributylaminc, similar in 
chemical character to A-21, was an effective catalyst for the redistribution 
reaction. He further determined that the yield was maximized when the 
stoichiometric equivalent of MCI was added to the amine. In the same year, 
Bakay (Ref. 10) found that pretreating A-21 with MCL eliminated the induction 
period normally observed when TCS was converted to DCS and STC using A-21. 


When PCI was added to trichlorosilane feed to which A-21 had been added, a 
significant amount of isotope exchange took place with the formation of 
nsiCU. Large amounts of HP and S i Cl 4 (Table IV- 14) were also formed. 

On the basis of these observations, it is possible to conclude that 
the rate enhancement observed by Bakay (Ref. 10) and Reedy (Ref. 9) derives 
from the formation of an amine hydrochloride: 


Me 

Me 

RN: + HC1 i 

RN 11 

Me 

Me 


(4-19) 


This reaction would be favored kinetically over the formation of 
the amine-chlorosilane salt. However, the exchange of Cl" for SiCl’ could 
be enhanced by the already established ion: 

Me 

Me + ^ Me 

RN H Cl" = HSiCl, «- RN H SiCl" + HC1. (4-20) 

Me 5 Me 3 


This reaction would establish the intermediate complex required 

above and would also remove excess HC1 from the catalyst site. Evidence 

for the latter is given in Table IV- 14, which shows that catalyst performance 

degraded by a large excess of DC1, returned to normal a short time after the 

DC1 was removed from the HSiCl feed. 

o 

The isotope tracer experiments also showed the formation of large 
amounts of HD and SiCl^ when DC1 was added in equimolar amounts to HSiCl ^ 
over A-21. This appears to result from the well-known, acid-catalyzed, Sill 
cleavage by nucleophilic attack of Cl" on silicon with elimination of hydrogen: 


Me 

R-N D + Cl" + HSiCl, -> 

3 <- 


Me 

RN 

Me 



Cl 


~y 


\ 




- SiCU 
& 


nn + sici 4 . 


(4-21) 
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TABLE IV- 14 

DISPROPORTIONATION OF TCS AND PCI GAS IN THE 
PRESENCE OP A- 21 RESIN CATALYST AT 60 U C " 


Expt'l 

No. 

Time HSiCl 3 

Lapse Feedrate 

min. g./min. 

DCl 

Feedrate 
e. c. /min. 

HSIClj 
DCl " 
Ratio 

Residence 

Time 

sec. 

- 


(Purity of HSiClj) 



1 

30 

0.85 

0 

- 

26 

2 

45 

0.85 

150 

1.0 

13 

3 

60 

0.85 

150 

1.0 

13 

4 

75 

0.85 

75 

2.0 

9.8 



(Stop feeding DC1 at 75 min. ) 


5 

80 

0.85 

0 

- 

26 

6 

135 

0.85 

0 

- 

26 

7 

165 

0.85 

0 

- 

26 


( 2 ) 

Product Composition, mole % 


PCI 

H 3 SiCl 

H.SiCl. 

HS1C1 3 

SiCli 

Hvs. 

- 

0 

0.2 

99.5 

0.2 

0. 1 

0 

0.42 

8.75 

78.31 

12.11 

0.42 

10.9 

0 

0. 12 

19.31 

63.20 

6.45 

12. G 

0 

0 

18.28 

66.53 

2.59 

3.8 

0 

0 

43.15 

52.48 

0. 58 


0 

0 

0. 04 

60.79 

39.11 

0. 06 

0 

0.32 

8.21 

80.42 

10.76 

0.29 

0 

0.40 

9. 02 

79.46 

10.86 

0.26 


(1) Based on void space in A-21 resin, i.e. , 65% of bed volume 

(2) By .gas chromatography: deuleriatcd compounds were not separated from their hydrogen analogy, 
i.e., IlSiCl 3 represented IISiCl 3 + DSiCl 3 . 
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EFFLUENT 









Siikv t ho re are two molecules of TCS involved in reaction ( I 
l lu' react ion i'ii t o is probah I y second- order. The TCS data w.is first tested 
K ' 11 ’ l i i'-'I onlor ami second order, rovers ihlo, react i on rat e equations hut 
neither proved satisfactory because of tho diffusion offuct, A new matin' 
matioal model was thou developed that takes into consideration t ho diffusional 
e I I oo 1 , I his model is described hi' low. 


I ho IC.S disproportionation react ion is— g iron by react don (•I. 1 ') as 


fo 1 I ows : 


2 nsici.. - sun + n,sit:i , 


( 1 - 2 ) 


lor second-order, if diffusional resistance is ignored, the reaction 
ra to is: 



.'i 


(x 3 


x / K _ ) . 
1 »*> 




whore \k is tho reaction rate; x,, x„, and x 
ot IK.S, U.S and SIC; is the TCS equ i 1 i |>ri urn 
k., is the TCS -react ion- rate constant . When di 
included between the mainstream and the active 
rate expression becomes : 


are mainstream concent rat ions 
constant for reaction J; and 
f fus i ona l res i stances - a re 
catalyst surface, the reaction--* 


r, “ 





1 - 1 - 23 ) 


whoro r. is a oonoontrat ion on tho cat a lyst . stir loco that has boon isolated 
from tho mainstream by an idealised stagnant filni-of a certain thickness. 
Ibis model might _lu\ thought of as TCS in the bulk of the mainstream fluid 
having to diffuse through a stagnant film to roach tho catalyst surface and 
then being redistributed into -PCS and STC. The PCS and SIC then have to' 
diffuse back through the fi-lm before they can reach t he ma i nst roam fluid. 


I'o Mini the eomponent concentrations as a funet ion of time, the 
following d i f fo rent i a 1 - a 1 gebra ic equations must be solved: 


Z 2 Z A^:r i ' 


(4-24) 


x, = " 2k 3* ( z 3 


x, = 0.5 (1 - x ? ) , 


x 4 = 0.5 (1 - x 3 ), 

where x,. .is the derivative of x^ with respect to time. To perform the 
integration, z 9 , Zy and z^ must be expressed in terms of x 9 , Xy and . 
This is accomplished by using a diffusion model that depends on liquid 
d i ffus ivities of binary pairs for the components TCS, PCS and STC and by 
assuming that diffusivities arc independent of molal concentrations. 

The reaction-rate constant, ky in equation (4-24) accounts for the l'esis- 
tnnee to conversion at the catalyst surface and for the diffusion resistance 
through the film to the bulk stream. 


An error- squared, minimization numerical analysis was performed 
on the data to determine the relative proportions of conversion resistance 

resulting from diffusion and active surface kinetics (k„) . The amount of 

data available was insufficient to establish this proportionality (the 
error sums were not strongly dependent on the diffusion/ surface kinetics 
resistance ratio). Therefore, the data have been correlated using super- 
ficial fluid velocity as an independent parameter. For this -correlation, the. 
diffusion and surface resistance were lumped into the computed, bcst-ratc- 
constant, k , term. TCS concentration as a function of residence time for 
constant fluid velocities of 1, 2, and 4 ft/hr arc presented in Figures 4-10 
and 4-11. The experimental points superimposed on the lines of constant 
velocity show good agreement. In Figure 4-12, the reaction rate constants 
arc shown on an Arrhenius -type plot. The experimental data a resisted in 
Table IV- 15. 


4.3.2. 2 Plchlorosi lane Redistribution Kinetics • 

As stated in Section 4.1, the PCS redistribution is a complex reac- 
tion that involves the following three equations: 
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TCS EFFLUENT, MOLE 




Bed Length - Inches 


Liquid Velocity, ft/hr 


Numbers at side of symbols 
indicate velocity 


Velocity, 

ft/hr 


n.r>2in 

0.0210 

0.0210 


LIQUID RESIDENCE TIME, MINUTES 


FIGURE 4-10 

EFFLUENT PRODUCT COMPOSITION FROM TCS REDISTRIBUTION 
REACTOR AT 81°C CONTAINING A-21 RESIN CATALYST. 
BED DIAMETER * 0.43 INCHES 




0.01785 —0.0081O 

0.01785 0.01072 


50 


LIQUID-RESIDENCE TIME, MINUTES 


FIGURE 4-11 

EFFLUENT PRODUCT COMPOSITION FROM LIQUID TCS 
REDISTRIBUTION REACTOR AT 56°C CONTAINING A-21 
RESIN CATALYST. BED DIAMETER = 0.43 INCHES 












t 


TABLE TV- 15 

CATALYTIC REDISTRIBUTION OF TRICHI, OROSII.ANH (Con • t ) 




RT 





Bed 

( C) 


(Min) 

H^SiCl* 

"2 Slt V 

HSiClg* 

SiCl * 
4 

Height 
(Ins o ) 

. 56 


36.55 

0.25 

9,56 

81.37 

8.82 

4.0 

56 


52.7 

0.36 

9.58 

81. 07 

8.99 

It 

56 


52.7 

0.40 

9.62 

80.82 

9.16 

U 

81 


7.9 

0.37 

9.81 

80.11 

9.71 

tt 

81 


7.9 

0.46 

10.16 

79.40 

9.98 

M 

8 1 


5.0 

0.34 

9.06 

81.27 

9.33 

tt 

81 


5.0 

0.48 

8.99 

81.58 

8.95 

M 

81 


14.45 

0.46 

10.64 

78.72 

10.18 

tl 

81 


14.95 

0.45 

10.66 

vj 

00 

0 

10.12 

It 

81 


27.2 

0.50 

10.63 

78.66 

10.21 

tt 

81 


27.2 

0.57 

10.72 

78.55 

10.16 

tt 

180 


• 

0.66 

9.79 

80.52 

9.03 

tt 

180 


- 

0.33 

9.77 

80.74 

9.16 

tt 



. 





Bed 

T 

C°c) 

RT 

(Min) 

SiH. 

4 

HgSiCl* 

H 2 SiCl ? * 

HSiCl * 

SiCl „* 
4 

Height 

(Iris.) 

56 

18.5 


0.13 

7.03 

86.37 

6.47 

2.0 

56 

18.5 

- 

0.12 

6.88 • 

86.57 

6.43' 

h 

56 

8.2 

0.04 

0.05 

4.60 

91.23 

4.08 

u 

56 

8.2 

0.06 

0.06 

4.81 

90.91 

4.16 

tt 

56 

5.1 

0.16 

0.02 

3.46 

93.32 

3.04 

tt 

56 

5.1 

0.04 

0.03 

3.45 

93.53 

2.95 

tt 

56 

5.1 

- 

- 

3.38 

93.79 

2.83 

n 

56 

2.8 

- ' 

0.03 

2.38 

95.62 

1.97 

m 

56 

2.8 

- 

0.03 

— 2.32 

95.58 

2.04 

tt 

81 

9.3 

- 

0.69 

9.42 

80.70 

9.19 

tt 

81 

9.7 

0.53 

0.44 

9.53 

80.86 

8.64 

it 

81 

4.1 

0.03 

0.19 

7.38 

85.81 

6.59 

tt 

81 

4.1 

- 

0.22 

7.33 

85.86 

6.59 

tt 

81 

2.2 

0.21 

0.35 

5.89 

88.58- 

4.97 

tt 


* 


Mole 


(4-2) 


21 IS i Cl ^ <■ Si Cl ^ + ||,SiCl 2 , 

21 I^S i C 1 ^ < US i c: 1 3 + ILSiCI, nml (4-3) 

21 I^S i C 1 •<- ll^SiCl, + Sill^. (4-4) 

llio IX. S reaction (4-3) makes TCS and MCS and reaction (4-2) produces STC 
and PCS. At tlvc same time, the MCS results in more DCS and silane, -the 
desired product. There is considerable conversion of all the chlorosi lanes , 
except for STC. For example, feeding 100% DCS to a redistribution reactor 
at 80 C and containing A-21 resin catalyst results in the following equili- 
brium product composition: 10.2 mole % silane, 15.6"; MCS, 38.8% DCS, 34. 7% 

TCS and 0.7% STC. 


Although the kinetics of the TCS redistribution reaction could be 
analyzed with a single, second-order rate equation, the kinetics of the DCS 
redistribution reaction cannot be analyzed so simply. However, assuming for 
the moment, a second-order rate equation, the reaction rates for equations 
(4-2), (4-3), and (4-4) are: 


< c ; - 

C 0 C 2 //R P ’ 

(4-25) 

tC 2 - 

C 1 C 3 /K 2^ dnd 

(4-26) 

■ (C 3 - 

C 2 W > 

(4-27) 


where C Q , Cj, C 2> C, jind C 4 are mole concentrations of-silane, MCS, DCS, TCS, 
and SIC, respectively; k is the rate constant; and K is the equilibrium 
constant. In terms of reaction rates, the rate of change of composition with 
respect to residence time is given by the equations below: 


C 0 = r i 


C 1 = r, - 2r. 


(4-28) 

(4-29) 
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( '2 = i*j + r, - 2r 


(4-30) 


C = r,, - r„ 


(4-31) 


C . ■ r. 
4 3 


(4-32) 


The integration of the five differential equations (4-28) through (4-32) 
produces the values of the chlorosilane concentrations at a specified time. 

The calculated concentrations were compared to the experimental 
points and, when the sum of the squares of the relative differences between 
tne calculated and experimental points were at a minimum, the results were 

0 8iV °n in Tablcb IV ~ 16 through IV-18 for the three temperatures 32, 56 and 
SI C. The experimental data is reported in Ref. 12. Figures 4-13 through 
4-15 show the excellent agreement between calculated and experimental points. 
Tt is apparent that at the highest temperatures reaction rates are thc-fastes 
and the time required to reach equilibrium is the shortest. This is graphi- 
cally illustrated in Figure 4-12, where reaction rate constants are plotted v 
1/f. The only deviation is the TCS rate constant at 81°C. Also, the TCS 
rate constants derived from the DCS redistribution reactor are higher than 
the TCS rate constants derived from the TCS redistribution reactor. This 
can he understood by examining equation (4-27). The TCS rate constant k_ is 
calculated using TCS, DCS and STC concentrations. In the DCS reactor the 
amount of SIC in the effluent stream is low, usually about 0.1 to 0.3 mole 
1 here fore, it is difficult to measure accurately. The calculated rate con- 
stant k includes the effect of diffusion. However, the DCS experimental 
data does not show the dramatic effect of diffusion (as- did TCS, Figure 4-9) 
and diffusion probably plays a lesser role in the DCS redistribution. 
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TAB 1,1.; IV- 16 


DCS REDISTRIBUTION DATA CM, CULATF.n 
WITH SHCOND-ORPHR RATH HQUATIQNS AT 32°C 


cn 

rxpHsr 
0 « 0 0 P Q 0 0 
__0 , 004 200 
0,01 1000 
0,006500 
0,006600 
0 .00*3500 
0, 01? 1 00 
j.onioo 

0 , 025700 
_0. OSPhOO 
0.047100 
0.074800 
"0.071?00 


CO 

CAi.crn 

0.002460 

.0,0 03?? 7 
0.004HQ7 
0,006098 
0 , 00 7?3 1 
0,009U2 
0.0099A2 
o.oi^im 
o.oaort^i " 

0.04H564 

0.0Stt7?(j 

0.070134 

0.071221 


Cl 

EXPHNT 
O,Q1$40Q 
0,069700 
0 , 0 75500 
0,077600 
0.078900 
0.086500 
0.0M2S0Q 
0 , 105100 
0,108300 
0.139100 
0,151500 
0.151500 - 
0.151500 


Cl 

CA1.C T[) 

0 ,035a 00 
0.05m l n 

0.072H 5 6 
0 , OH 1 0 39 
0,086470 
0 ,093612 

0 , 0961 34 

.0.1 15120 
0.11 7582 
0.180361 
0.14468? 
0,Ufll27 
0. 14H395 


C2 

. expmni 
0,966100 
0,86‘Moo 
0,828100 
0,830400 
0,823600 
0,801 700 
0,804600 
0, 745400 
0,712/00 
0,548000 
0,563300 
0.494500 
0*491900 


C2 

CAUTD 
0.946100 
. P *90640 1 
0,863267“ 
.0,042738 
0.828319 
0.808090 
0.80063H 
^0,734854 
0 , 7 ^ 4 7 1 1 ' 

0,596389 
0.557892 
0.517275 
0.51 3549 


C3 

expmnt 
0,01 2200 
. 0, 064**00 
0,084400 
0.084600 
0,089900 
0, 1 0 1400 
0. 1 00400 
0. 1 354 00 
0, 152800 “ 
'0,260300 
'0. 232900 “ 
0.276300 
0.272400 


C'\ 

CALCTO 
0.012200 
0,034158 
0,057871 
0,069214 
0,077229 
0,088555 
0.092755 
,0. 130529 
0,1 36466 
0.213681 
0.237442 
0,262731 
0,265060 


C4 

Expknt 

0,003400 

.0,002100 

0,001000 

0.000900 

0,001000 

0,000900 

0.000600 

0,001000 

0.000500 

0.000200 

0,000400 

0.004200 

0.001300 


, C4 
CALCTO 
0.003400 
0,002103 
0,001200 
0.000910 
0.000751 
0.000580 
0,000531 
0.000346 
0.000350 
0.000904 
0*001251 
0,001733 
0 /001 704 


Minutes 


SPACE 

TJME 

0.0 

. 0,240000 
0,540000 
0.700000 
0.820000 
1,000000 
1.070000 
-1. 790000 
1.920000 
, 4,260000 
0*380000 
6.990000 
7.1 70000 


r? " 2H ane mole faction 

Ci a MCS 
C2 = DCS 
C3 * TCS 
C4 * STC 


K, = 1.88 


K„ * 


k i ; 2 - 32 


0.319 ~k 2 = 0.0945 


K. = 0.0149 


k 3 =0.0323 


K » equilibrium constant • 
k * rc; 'ction rate constant 


TABLE IV- 17 


DCS REDISTRI BUTION DATA CALCULATED 
WITH SECOND-ORDER RATE EQUATIONS AT S6°C 


CO 

EAPMMT 
0.002900 
_0. 002600 
0. 00ft900 
O.OM 700 
0.Q42200 
0.OS47O0 
~ 0. 051000 
J>, 069800 
0.09320O 
0,088400 
0.085300 


CO 

CALCto 
0. 002900 
0,0042*9 
0.007488 
0.022434 

0 . 0 J 1 3 rt s 
0.047100 
0 . 05 090,* 
0,07441 \ 
0.077837 
0.091337 
0.092606 


Cl ' 
EXPMNT 
0. 0.35400 
0.073700 
0.112600 
0.1 35J00 
0.147700 
0. 149700 
0.139100 
0. 162300 
0.151400 
0.160900 
0,1.70600 


Cl 

CALCTO 

0.035400 

0,086884 
0.113571 
0. 160.396 
0.157855 
0. 16304N 
0.163627 
0. 162503 
0.162006 
0,159493 
0, 159218 


C? 

E*P*NT 
0.946100 
0,850300 
0.775900 
0.648500 
0. 602600 
0.651200 
0.593800 
0.492100 
0.477900 
0,440300 
0.442100 


C2 

CALCTO 
0.946100 
0,837772 
0.774191 * 
0.655119 
O.M3335 
0.555934 
0.543766 

„Q. 476^39 

0.467162 ' 
0.43267 1 
0.429515 


C3 

EXPMNT 
0,012200 
0,071200 
0,103400 
0,181900 
0. 205300 
0,243200 
0.2I57Q0 
0.275000 
0,287300 " 
',309800 
0,301200 


C3 

C4 

CALCTO 

EXPHNT 

0,012200 

0,003400 

0,060928 

0.002000 

0,103152“ 

0,001200 

0,171037 

0.002300 

0,196426 

0.002200 

0.232639 

0.001200 

0.240480 

0.000400 

0.284559 

0.290510 

_0. 000800 
0.000200 

0,313049 

0.000600 

0.315092 ' 

0.000800 


C4 

CALC 

0.003- 

0.002: 

0 . 001 ! 

0.O0K 

o.ooo< 

o.oou 

o.ooi: 

0,002c 

0.0024 

0,00.34 

0,0035 


Minutes 


SPACE 

Tine 

0.0 

...0,1 30000 
0,230000 
0,510000 
0,660000 
0.950000 
1.030000 
. 1,700000 
1,040000 
?. 640000 
2,750000 


00 

* silnne mole fractir 


11 

.75 




Cl 

C2 

* MCS 

* DCS 

k i 

= 4, 

,21 

C3 

C4 

* TCS 
= STC 

K, 

tm 

11 

O 

,340 

k 2 

= 0, 

,532 



h 

= 0. 

oo 

k 3 

= 0. 

072 


K = equilibrium constant 
fc = reaction rate constant 


TABLE IV- 18 


ncs redistribution data calculi ted 


WITH SECQNP-QRPER RATE 


EQUATIONS AT 80 ° 


Minutes 


CO co 

EXPMNT CAlCTD' " 
_.0, 003900^ 0.002900 
0 * 0 l 3S0 0 6.0) 1 .139 

^0.029300 _Q. 025175 
0 , 0<»*> 700 0,061 062 

_ .-0,073300 0, 073376 


- Cl ... Cl 
EXPMNT CALCTO 
Q.0359QO 0 , 0 35*00 

0 « 1 1 3<*G0 0, l 3U29J 

.0*137100 0*1 59931 

0.201S00 0,169600 

0,1 70800 0.167931 


Cr? C2.._ 

Kxphnt calctd 
.0*99 6 100. _0* 99 6100 
0.733300 0.7U109 

0,698900 0.627937 

0,982300 0,502692 

0.9721 00 0,669723 


- C3 C3 

EXPMNT I CALCTO 
0*012200.. 0.012200 
0,137000- 0,139756 
J>, 182600. ,.0*1 B5832- 
0,269600 0,263769 

.0,2831 00.— 0* 2853 OB 


C9 C9 _ 

EXPMNT CALCTO 

— 0.003900 . 0,003900 

-0,002900 0,000507 

_Q, 003100 0,00 L 12S. 

0,001000 0,002877 

- 0*000900.. 0.003612 


space 

rr«e 

— o,o . . 

0. I 25000 

0.220000 

0.500000 
..... 0,650000 


CO = silane 
Cl a MCS 
C2 = DCS 
C3 a TCS 
C4 = STG 


mole fraction 


K : = 1.64 kj 
K 2 = 0.3594 k 2 
K 3 = 0.0210 k 


9.58 

K « 

1.44 

k = 

16.2 



equilibrium constant 
reaction rate constant 



LIQUID RESIDENCE TIME, MINUTES 


FIGURE 4-13 


EFFLUENT PRODUCT COMPOSITION FROM LIQUID DCS REDISTRIBUTION 
REACTOR AT 56 C CONTAINING A-21 RESIN CATALYST. 


BED DIAMETER * 0.43 INCHES 





r I itliRP. /U*M 


"^wsmassTKaB-™* 


BHn DIAMETER = 0,43 INCUTS 



REACTOR BED EFFLUENT, MOLE 



Liquid residence time, minutes 


FIGURE 4-15 

EFFLUENT PRODUCT COMPOSITION FROM LIQUID DCS 
REDISTRIBUTION REACTOR AT 81°C CONTAINING A-21 
RESIN CATALYST. BED DIAMETER = 0.45 INCHES 
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3 Expo riim'iit jiI Results 


I he kinetics for the mlistrilnit ion of ehlorosi limes were measured 
experimentally for both liquid- nnd vapor-phase reactants at temperatures tram 

U ’ ’ C - T "“ apparatus is illustrated in Figure ..-le. The 

ehlorosi lane feed from a pressurized reservoir was fed through a preheat 
section into the reactor containing the AMBI-RI.YS1® A-21 catalyst. The effluent 
was reduced to atmospheric pressure and vaporized. A portion of the vapor 
was routed to an on-line gas chromatograph for analysis. The flow rate was 
monitored b> the level in the feed tank or by a flowmeter on the vapor out- 
let. The 1 iquid-or vapor-residence time in the reactor was varied by changing 
the reactant flow rate within small limits and by changing the diameter/pal-ked 
ength of the reactor for larger vanges. 

The AMBKRLYS1® A-21 that is commercially available (Table II1-8) is 
saturated with water, which must be removed prior to contact with ehlorosi lanes 

Pr0f0rred " Cth0d iS “ *«*•« the water with alcohol followed by a „„„- 
prone solvent such as toluene or R-113, which can then ho evaporated or ex- 
tracted with SiCI 4 . Drying the resin with warm, dry air can result in partial 
oxidation and/or loss of amino functionality. Complete drying of the resin 
(unless destined for vapor-phase reaction) is avoided since swelling of the 

res.,, from the dry state by liquid chlorosilnnes (or any other solvent) could 
result in high ; iternal pressures and physical damage. 

In a typical preparation, a column packed with damp catalyst was 
Unshed with three volumes of ethanol (2,10 proof) at a 20-„,i„uto space-time 
rate. . rius was followed by a flush with three volumes of toluene, followed 
>y a flush with three volumes of SiO,. All flushes were performed in •, 
similar manner. The level of residual solvent after each flush was icss than 


Ihc chromatographic analysis procedure for ehlorosi limes was the same 
ns that described in Section 3.1. 2.1. The results were reported using a 
Hewlett-Packard 5831A Reporting integrator. Duplicate runs were made until 
the llrCl ratio of the analyzed product matched that of the feed. This ensured 
that no errors were injected into the data hv sampling errors. 
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50 LB RELIEF 
VALVE 



CHROMATOGRAPH 


FKUJRK 4- lb 


FLOW DIAGRAM OF DCS ID-DISTRIBUTION 





fhC K,ull,bril " “itwsitloiis were obtained by using „ do-foot-lony 
reactor at a reactant How rate equivalent to a 1-hour residence time. The 
' esul ts of liquid- and vapor-phase sections and equilibria for IlSilll. 

(li-1.1 - l.o) and II,S1C1, (IliCl ~ 1:1) are listed in Table lv-1‘1, ' 

A series of experiments were made with varying flow rates at each 
evel of catalyst in the reactor for liquid-phase reactants to aid in deter- 
mining the kinetics profile. The raw data are presented in Table rv-ls and 

l 5 i d 6 7' IV ' 18 ' AnalySiS ° f the “* development of a hi i, 

model is discussed in Section 4. 3. 2. 2. 


TABLE IV- 19 


Feed 


CHLOROSILA NES REDISTRIBUTION EOIITr.TRRT a 

DCS 


Temperature, °C 

32 

56 

Effluent Composition 



CMole %) 



Silane 

11.50 

11.59 

MCS 

15.5 

16.10 

DCS 

40.22 

39.53 

TCS 

32.62 

32.69 

STC 

0.13 

0.10 


NOTES; (I) 
( 2 ) 

(3) 

( 4 ) 


81 


11.98 

16.66 

37.46 

33.36 

0.54 


56 


TCS 


0.38 

9.60 

80.95 

9.08 


81 


0.5' 
9.71 
80.6: 
9. 0( 


Column dimensions: £is inch I.D., 2o feet Ion, 
Catalyst: AMBERLYST® A-21 

Residence time: 56 minutes 

and l ai? r dried y eXtri<ction " ith e «™°l. followed by R-ll, 
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4.4 VAPOU- LIQUID EQUILIBRIA 


Separation of the chlorosilancs must he made in conjunction with the 
tri ch loros i lane and dichloros i lane redistribution reactors. This is accom- 
plished by four distillation columns (Figure 5-1, 432-02, 432-04, 432-Oiv 
432-08). The not effect of this distillation-redistribution train is to’movc 
the hydrogen-rich chlorosilancs forward for ultimate production of pure silane 
and to move the chlorine-rich chlorosilancs, metal chlorides and hydrides 
backwards by means of distillation separations. The impurities are finally 
rejected through the settler and stripper sections (Figure 5-1, 421-04, 
432-02). To effect accurate design of these distillation columns, thc’vapor- 
Hquid equilibria (VLE) of the chlorosilancs have to be known. 


4.4.1 Binary VLE of Chlorosilane Mixtures 


The required data are the binary VLE of the STC-TCS and DCS-TCS systems, 
lho need to acquire these data was recognised early in the program. The STC- 
TCS binary data were found in the open literature (Zanta, at. al., Ref. 11), and 
the DCS-TCS binary data were experimentally determined. 


4.4. 1.1 K Value Model 


The vapor and liquid phases in a binary 
be represented (from thermodynamic considerations 
ship: 


system at equilibrium can 
) by the following feint ion- 


yP0 = yfx 


K = £ - £ 
X P0 


(4-33) 


I" thc modcl cho ' cn for chlorosilane mixtures the liquid activity coefficient 
(Y) is determined by the Wilson equation, the liquid fugaeity (f) is calculated 
at thc va P° r t’ rc ' ssurc with the Poynting correction, and the vapor fugaeity 
coetlicient (0) is found by thc Prausnitz-Chuch-Rcdl ich-Kwong equation of 
state (Prausnltz, Ref. 13). The advantage of the Wilson equation is that 


vapor-liquid equilibria calculations can be made for systems having three 
or more components using only binary data. The correctness of the chosen K 
me. del was verified by the extent to which the experimental vapor- liquid 
equilibria data were reproduced by it, 

4.4. 1.2 Silicon Tetrachloridc-trichlorosilane, Binary, Vapor-liquid Equilibria 

Experimental data for this system at 1 atmosphere pressure are avail- 
able from the open literature (Ref. 11), and are given in Table IV-20. The 
Wilson parameters were derived with the aid of a. computer program that used 
the quantities f and 0 given in Section 4.4. 1.1. The newly found Wilson par- 
ameters were then used in the K model and the K values were calculated at 
the experimental points. Figure 4-17 shows the good agreement between 
calculated and observed points. A plot of the liquid activity coefficient 
(Figure 4-18) indicates that there is a small positive deviation from Raoult's 
law for this binary system. 

4.4. 1.3 Dichlorosilane-trichlorosilane, Binary, Vapor-liquid Equilibria 

Experimental data were taken at three pressure levels: 100, 200, 

and 300 psia. As in the case cited above, Wilson parameters were determined 
and calculated K values were compared with experimental values (Figure 4-19) . 
There is excellent agreement. The smaller numerical values of liquid activity 
coefficients (Figure 4-20) reveal a smaller positive deviation from Raoult's 
law for this system than for the STC-TCS binary. This is to be expected 
since the DCS and TCS molecules are more similar than are the STC ai.d TCS 
molecules . 


The extensive experimental data acquired for this system allow 
another check on the validity of the K model chosen in Section 4.4,1. 1. Using 
only 100 psia data, the Wilson parameters were found and then used to calculate 
K values at 300 psia. These were then compared to the experimental 300 psia 
data. Figure 4-21, presents this comparison and reveals that excellent agree- 
ment exists. This example illustrates that the K model, given 100 psia data, 
can accurately predict data at the higher pressure of 300 psia. 
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tabu; iv - 2 0 

PT xy DATA FOR TRICHLOROSILA N B Cl] - SILICON TETRACHLORIDE f21 

AT 740 TORR* 


Mole Fraction 



Vapor C y 1 1 



0*007 

0.049 

0.050 

0.172 

0.214 

0. 308 

0.463 

0.590 

0.693 

0.796 

0.833 

0.894 


' .020 
0.119 
0.122 
0 . 350 
0.416 
0,511 
0.668 
0.7SS 
0.826 
0.887 
0.908 
0.943 


55.75 

54.0 

53.45 

48.3 

46.85 

44.8 

40.9 
38.2 
36.6 

35.05 

33.10 

32.5 


*Zanta et al., Ref. 11 







Cal ciliated 



DCS LIQUID MOLE FRACTION 


FIGURE 4-19 


COMPARISON OF EXPERIMENTAL AND CALCULATED 
VALUES FOR DCS-TCS BINARY AT 300 PST A 


K 



Calculated 



FTHIIRR 4-21 


rnnw 0 ^ ARIS0N 0F K VALUES CALCULATED WITH WILSON PARAMETERS 
PROM 100 PSIA DATA KITH EXPERIMENTAL 300 PSIA DATA “ ncs! T 

BINARY AT 300 PSIA 



■I.I.J Vapor-1 l iiu I (I liqui 1 i hria of Chloros i lane , bight-gas Mixtures 


llio K model in Section -1 .1.1.1 cannot bo used in the settlor and 
stripper systems because operating temperatures are above the critical t em- 
peratures of many of the components and a vapor pressure does not exist for 
gases such as nitrogen or methane. Therefore, the liquid fugacity in equa- 
tion H-33) is indeterminate. In the new K model, as shown below. 


K = ~ = 

X , 


H exp (P - iy sat ) V ,/UT 

P0, 


t 1-34) 


K. for the gaseous component, is expressed in the "pressure-corrected" Henry's 
law form (Prausnitz. Ref. 13). The Poynting correction anu 0, are assumed to 
bo close to one and equation (3-34) becomes 


V _ H 
K - f 


(4-35) 


b.quat i on (4-35) can be compared to equat ion (4-33), where > and 0 are set equal 

to one. It is seen that Henry's constant is set equal to the psuedo vapor 

piessure tor each component occurring at temperatures above the critical tem- 
perature. 


4 .4.2. I Henry' s Constant 


Henry's constant is defined as 


11 = 1 ini — as x, -*■ 0 
x , 


(4 - 3o ) 


Values of II were found by measuring the solubilities of N,, Cll . CO, and 1IC1 
in the eh loros i lanes DCS, TCS and STC at 30 and b()°C. because 'of the toxic 
and Pyrophoric natures of lyy PH., il_,S and II,, the solubilities of these 
gases were estimated by the following procedure (King, Ref. 14). Although 
gas solubility of one particular gas varies greatly from solvent to solvent. 


I Do 


- w 


-- ~ 4: TZ'XTAn * 




" K ' '■" io s ‘’""'"it i.’s Ol- ivmalns routinely nmsunu. These 

" ,,,v r " rx|>eri.eut il l ehlcmKihme Jala to an-ivo al the 

oal i mat oil. set iilti I i ty values. Tl.o measure, I ami esl (mated Henry's renstanls 
;nv givc'ii in Table IV- 21. 

•I. i.3 Experimental Apparatus and Procedure 

■I. '1.3. I IHIS-TCS Vapor-1 iquid 1-qu i 1 i hr i a 

In tho past, tho classic method of obtaining expert mental vapor- 
liquul equilibria (VI.E) consisted of measuring liquid and vapor compositions 
over the composition range and at either constant temperature or pressure 
H’Txy data). The fault with this method is that uncertainties can occur 
because liquid and vapor analyses by sampling are prone to error, especially 
tin lattei . lhe latest state-of-the-art in VI, H measurements is to take pfx 
data and then determine y from appropriate thermodynamic equations (Ref. 13 ). 
In this manner, no analysis of liquid or vapor is required. 

A prerequisite to this method is that x. the liquid composition, 

must be determined very accurately. This is accomplished by weighing each 

component in a stainless-steel vessel with an accurate analytical balance, 

sensitive to 0.001 gram.-. .A small correction to the liquid-phase composition 

is made by determining the amount of each component that exists in the vapor 
space. 

Data were collected at the constant pressures of 100. 200, and 300 
psia and the boiling point was measured for six different mixture compositions. 
IVtailed procedures are given in Ref. IS. The experimental data are listed 
■u Tables IV- ”, fV-23, and IV- .24. 

•1.1. .i.J Vapor Pressure of PCS and T(1S 


This procedure also necessitates measuring the vapor pressure of 
each component in the same apparatus that is employed in VI, i: measurements. 

' ^ c0,,ti| i ns tbo vtipor pressure data for the pure components at loo. 
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TABLE IV- 21 

HAS SOLUBILITY IN CIIL0K0S1 LANES * 




30 °C 



Pichlorosilane 

Triehlorosilane 

Tot rnch 1 ovos i I mho 

N 2 

982 

899 

84 0 

C,, 4 

247 

238 

222 

C0 2 

72.4 

76.3 

75.8 

1KM 

53.0 

CN 

to 

c 

-U 

67.2 

13 Ml ** 
2 b 

33.0 

31.8 

29.8 

PIL ** 
.•> 

25.5 

24,5 

22.9 

11 , ** 






16 10 

H,S ** 






** 

15.7 

Argon ** 


“ 

400 



60 °C 


H > 

Pichlorosilane 

Triehlorosilane 

Tetrachlorosi lane 

747 

794 

772 

(:il 4 

253 

260 

246 

CO, 

92.0 

98.7 

99.9 

lie 3 

69.5 

81.2 

89.0 

13,11 ** 
2 6 

43.0 

42.5 

38.5 

PIL ** 
.*> 

32.0 

31.8 

29.5 

n,s ** 




i H- 



20.5 


“ 

_ 





1450 

Argon** 



3(i0 

' o t'o rence 

16. 
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list i m; i tod Value 


PTx DATA FOR 01 Cl 1 1 , PROS 1 LAN !■ (1 ) -TRICHLOROSILANl! (2) * 


*7 

1 

X 1 

0.1995 

0.1976 

0.3395 

0.3372 

0.3992 

0.3969 

0.5043 

0.5021 

0.8003 

0.7993 

0.9004 

0.9000 

0.1995 

0.1973 

0.3395 

0 . 3568 

0.3992 

0.3964 

0.5043 

0.5016 

0.8003 

0.7991 

0.9004 

0 . 89^9 

0.1995 

0.1977 

0.3395 

0.3372 

0.3992 

0 . 3968 

0.5043 

0.5020 

0.8003 

0.7992 

0.9004 

0.8999 


T(°C) P(psia) 


94.3 

104.0 

88.6 

102.0 

85.6 

103.0 

83.6 

104.0 

75.3 

103.0 

73.7 

103.0 

126.6 

201.0 

121.2 

201.0 

119.2 

204.0 

114.9 

202.0 

107.1 

203.0 

104.6 

201.0 

150.1 

302.4 

143.5 

298.4 

141.1 

299.4 

137.6 

302.4 

128.3 

301.4 

125.6 

299.4 


“1 = overall mole fraction added to ebulliomcter 

*2 - 1 LmiLd-pha.se , mole traction after vapor space correction 


* Reference .15 . 


TAB LI: IV- 2 3 


VAPOR- 

■LIQUID HQU I LIBRIUM 

FOR DTCllLOROSILANl: (1) - 

TRTCIILOROSILANH 

(21* 

°C 

P(psia) 

X 1 

y l 

Y 1 

Y 2 

102.6 

102.68 

0.0 

0.0 

1.1572 

1.000 

94.3 

105.51 

0.1990 

0.3276 

1.1163 

1.0043 

88,6 

104.81 

0.3395 

0.4981 

1.0885 

1.0141 

85.6 

102.48 

0.3990 

0.5601 

1.0772 

1.0206 

83.6 

105.28 

0.5040 

0.6541 

1.0575 

1.0365 

75.3 

102.20 

0.8003 

0.8707 

1.0126 

1.1318 

73.7 

102.85 

0.9000 

0.9347 

1.0035 

1.1925 

71.6 

101.78 

1.0 

1.0 

1.0 

1.2796 

137.0 

201.84 

0.0 

0.0 

1.1599 

1.0 

126.6 

201,03 

0.1990 

0 . 3007 

1.1138 

1.0044 

121.2 

203.14 

0.3395 

0.4670 

1.0849 

1.0142 

119.2 

204.15 

0.3990 

0.5286 

1.0734 

1.0206 

114.9 

201.65 

0.5040 

0.6280 

1.0543 

1.0361 

107.1 

203.21 

0.8003 

0.8585 

1.0115 

1.1251 

104.6 

201.98 

0.9000 

0.9287 

1.0032 

1.1803 

102.7 

202.16 

1.0 

1.0 

1.0 

1.2574 

159.8 

297.71 

0.0 

0.0 

1.1773 

1.0 

150.1 

301.33 

0.1990 

0.2798 

1.1179 

1.0049 

143.5 

299.50 

0.3395 

0.4431 

1.0853 

1.0151 

141.1 

299.44 

0.3990 

0.5051 

1.0730 

1.0216 

137.6 

301.35 

0.5040 

0.6053 

1.0532 

1.0372 

128.3 

299.27 

0.8003 

0.8483 

1.0109 

1.1234 

125.6 

297.59 

0.9000 

0.9234 

1.0030 

1.1755 

123.6 

298.04 

1.0 

1.0 

1.0 

1.2472 


x = liquid -phase mole fraction 

y = vapor-phase mole fraction 

y = liquid -phase activity coefficient 


^Reference 15. 
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TAm.n iv- -m 

X ’ V 'j: l". 1 . 1 _ c 1 . 1 J ^ J j 1 1 J J, j \! \ 1 I » ^ PlCUl.OUOSlI.ANi; m - TRlCIII.OkOS 1 1.ANi: ( * 


o 

t 

1* lps i ;Q 

1l 

K i 

K 2 

107. o 

102.68 

0.0 

1.985.2 

1.0 

04.3 

105.51 

0. 1990 

1.0405 

0.8594 

88 . (> 

101. SI 

0.5595 

1.4671 

0.7599 

83 , o 

10 J. 48 

0.5990 

1.4057 

0.7520 

S 3 . (> 

105. .18 

0.5040 

1.2990 

0. 69o2 

7? . 3 

102.20 

0.8005 

1.0881 

0.6468 

'”3. " 

102.85 

0.9000 

1.058O 

0.6525 

7 1 . e 
137.0 

101.78 

1.0 

1.0 

0.6714 

.201 .8 1 

0.0 

1.7564 

1.0 

1 7(> . e 

201.05 

0. 1990 

1.5110 

0.8751 

1 — I • 7 

205.15 

0.5595 

1 • 5756 

0.8069 

1 19 . J 

204.15 

0.5990 

1.5248 

0.7844 

111. 9 

20 1 . 05 

0.5040 ■ 

1.2461 

0.7499 

107. 1 

205.21 

0.8005 

1.0727 

0.7085 

104. o 

201.98 

0.9000 

1.0518 

0.7154 

107.7 

202. lo 

1.0 

1.0 

0."525 

130.8 

297. "I 

0.0 

1.5811 

1.0 

1 3(1 . 1 

50 1.55 

0.1990 

1.4059 

0.8992 

1 43.3 
141.1 . 
1 3 *7 . (i 

178. 3 

299.50 

0. 5595 

1.5052 

0.8451 

299.44 

0.5990 

1.2658 

0.8255 

50 l . 55 

0.5040 

1.2010 

0. "958 

299.27 

0.8005 

1.0600 

0. "598 

I 73.0 
173.0 

x = 1 ujuul 

29". 59 

0.9000 

1.0261 

0.7655 

298.04 
pli;i so mole* 

1.0 

f met ion 

1.0 

0. "855 


* Reference 1 3. 





TABLE TV- 25 


inmE COMPONENT VAPOR PRESSURE * 


T(°C) 


71.8 

71.4 

102.6 

102.7 

123.6 

123.6 


Pichloi’osi lane 


P (psin) 

102.0 

102,0 

202,0 

202.0 

290.4 

299.4 


J(°C) 


Trichlorosi 1 an c 


P (psin) 


102.4 

102.7 
137.0 

136.9 

159.7 

159.9 


101.0 

102,0 

201.0 

201.0 

299.4 

299.4 


*Refcrence 15. 
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-'Oil. and 300 pstn. The*, data were added to exlMlh* data and new constants 
were determined in the extended Antoi 
Table R- II) . 


line vapor-pressure equation (Appendix H, 


4. -1.3. 3 das Solubility in DCS , TCS and STC 

AS iil the VLE method, no sampling or analysis of the liquid and vapor 
Phases is required. The data are obtained by admitting a known amount of 
tquu into a calibrated, volume-sample vessel; by adding a weighed amount 

8aSi and tl '°" l>y taking the vessel in a thermostated hath until a constant 
pressure is reached. Gas solubility, as Ilenryls constant, is found by solving 
a set of seven -iterative simultaneous equations with the aid of a computer 
program. More detailed procedures can be found in References IS and 16. 

Henry* s constants are listed in Table IV-21 and the experimental 
data arc given in Tables IV-26, IV-27, and IV-28. 


4.4.4 Settler Impurity Rejection Perfori 


’mane c 


Impurity compounds having high boiling points [i.c., those whose 
atmospheric boiling points are greater than SiCl ( 56.S°C)] are rejected in 
a scrubber/settler located immediately downstream of the hydrogenation reactor 
ld " bed - hydrogenation reactor produces a stream consisting of non- 
condensable gases, H,, CII 4 ; condensables such as HSiCl. and SiCl ; solid dusts 
of silicon and copper; and vaporized or particulate chlorides of a broad 
spectrum of compounds such as A1C1., FeCl.. BC1,, PCI,, etc. The character 
of this stream is such that the volatile salts win precipitate on cool sur- 
aces to form solid agglomerates. Comploxing can occur between the various 
chloride salts to form double salts such as A1C1 -PeCl All of the impurity 
compounds boiling above SiCl, must be removed fiom the'chlorosUane stream 
to prevent a buildup and fouling in the subsequent distillation columns. 

Removal of the solids by direct filtration was rejected because of 
ouling that can he caused by the condensed salts and because of the abrasive 
nature of the silicon. Centrifugal gas/solid separation was rejected be- 
cause of the abrasive nature of the solids, the small size of the particles 
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Kofercncc 16 . 

















T(°C) 


P(atm) 


V(cc) 


MG(g) 


ML(g) 


Liquid Mole Fraction 
X2 


3n . op 
> 0 ^ 00 ' 
fto.oo 
fto.oo 


?i .ill 
2 1.792' 
24.194 
24.874 


?3 7 j_7S0 
~3 3 7.750" 
337.750 
337.750 


4.101 


30.00 

3 6. "no 
ftn_. no 
^ •."fin' 


4.284 

4.101 

4.284 


2B2.575 

273.425' 

282.575 

273.425 


•f 1-2-2- 7.?.Q. 4 . 583 25_9_, 474 _ T~0 .081 187 

A 3 -? *750. 4 . 5 35 255.905 6 .079914 

4*_5j_3 2 59.474 T ' 0 .083307 


2 fit i 30 


25.992 


30.00 
30.00 
"fto . oo“ 
0 . n 0 ' 


10.547 

7.145 


3_37 . 75 0_ 

jdiZiitt, 


337.750 

337.750 


Aisas. 


3 0.00 


15.44ft 

Tnr4~7q~ 


15.279 

8.780 


■25.5,1,905. 


337.750 

337.750 


276.295 

273.358 


7.315 


15.279 
8 . 7 8 6 


3 3_7 J _750 L 
“60.015 


8.779 


2 76.J? 9 5 
>73.358 


0.02 2094 
'6'. 021 496 
0.026498 
0.026278 


N, 


CH, 


?a„ 

0.128983 

0.076992 


9.357 


268.113 
271.300 
268.113 
271 .,30Q 


0.126638 

0.075777 


CO, 


0.0 9496? 
0 .098313 
0.093754 
0 .096486 


HC1 








TABU- JV-2R 
EXPERIMENTAL DATA 

-2-^—?— 4 llcl JN SILICON TETRACHLORIDE 


T ( °C) 


30.00 
3o.nn 
a n . n"o 
An' on* 


P(atra) 


20.941 

20.073 

24.054 

'r’?;~4PQ~ 


V (cc) 

337.750 

360.015 

337.75° 

3 A 0‘ . 0'15" 


MC,(g) 

"4,176 
4.329 
4.1 76 
'4.T29- 


MG(g) 

31b. 6*32* 
'318.34 3 
3 1_6 i 63? 
3'1 8. 3 4 3' 



.30 . on 
'9 n .“no 
60.00 
6 0.00 
3 0.00 
3 0.00 
AO . 00 
An ,”n.o' 


7 • ruF 
“AT90T- 
10.003 
Q.5A0 
""AT66A' 
7.24 7 
9.32? 

■'i o.--07'r 


337.750 
'T6 0TO*1 5*“ 
337.750 
360.015 

■337.750“' 

360.015 

337.760 

“ 36 o 7 oT 5 ~- 


87951 
"“S77ST 
8.951 
— 8.784 
““77630 
" 8.4 44 
” *7.630 
“"S'; 444 " 


30 7 , 4 H 4* 

'THT 3ST 
307.484 
311.385 
""'30 7.T59” 

305. 158 

307.159 
“TO S7l.fi 8“ 


Liquid Mole Bract ion 


0.024851 
0.021036 
’ 0^028859 
0 . 026296 


0.087783 

0.083263 

"0.090645 

0.035507 


0.085539 
"O' •080963 
0.084071 
0.079237 
" 0 . 0893*44” 
0.095670 
0 .^88000 
"0.093631 


Reference 16. 


aikl flu.' design difficulties associated with maintaining the surface hot 
enough to prevent condensation of the salts. 

A preferable design would use direct, contact heat exchange of the 
gases with condensed chlorosilane product in a scrubber that would cool the 
gases, condense and solidify the salt complexes, and scrub out the solid 
particles all in one step. The amount of scrubbing liquid would be controlled 
so that the noncondensable gases and the chlorosi. lanes would leave as a 
saturated vapor and thus achieve a single-plate distillation separation for 
the other impurities having higher boiling points. 

Ideally, the scrubber would be of the gas venturi type so as to 
make use of the available pressure drop, achieve high-efficiency scrubbing 
and, since most designs are of the wetted-wall variety, avoid solids buildup 
in the unit. Coalescence and separation would be achieved by a flooded tee 
and centrifugal separator of standard design. 

To determine the feasibility of this approach, a crude settler/ 
scrubber was installed as part of the PDU. Hot gas from the hydrogenation 
reactor tangentially entered a cylindrical vessel with a cone bottom. A 
level of condensed HSiCl 7 /SiCl^ was maintained above the vapor inlet. The 
cooled, saturated gases left the top of the unit, while solids collected in 
the liquid phase and settled in the cone bottom for periodic removal. 

The efficiency with which the scrubber/settler removed each im- 
purity was also determined (Table IV-29) by calculating (1) the mass of each 
element that left the reactor, (2) the mass collected in the solid and liquid 
phases of the settler and (3) the quantity reported in the product. These dat 
show that the simple scrubber/sett ler depicted in Figure 4-22 works quite 
well to remove gross amounts of impurities from the chlorosilane stream. 
Although its efficiency in removing most of the impurities was measured 
to be quite high, an experimental anomaly was noted for aluminum. This 
negative efficiency (mass balance indicated a pickup of aluminum) is not 
reasonable. An analytical error is suspected as, historically in commercial 
practice, the removal of A1 by this method is quite good and limited to en- 
trainment in the vapor product stream of solid A1C1,. 
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TABUS IV- 29 

scrubbi;u/si:ttm;b m ; Fu:.iiiNc:ii!3 



Grams Released 
in Reactor 

Concentration 
In Product, 
PPM 

Grams In 
Product 

Settler | 

Efficiency 

Fe 

4.70 


. 0.28 

0.04 ' 

1 

99.1 . 

Cu 

3.29 


1.50 

0.20 

93.9 ! 

A1 

0.55 

• 

7.0 

0.93 

-69.1 

Ca 

0.78 


0.0093 

0.01 

98.7 ; 

Mn 

0.47 


0.33 

0.04 

91.5 1 

! 

Pb 

0.01 


< 0.02 

3.x 10'° 

I 

< 70.0 

Efficiency - 1 - 

•mass 

mass 

of component 
of component 

in product stream 
leaving reactor 

x 100 . ' 

i 
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SUCTION 5 

COMMI-RC I Al, 1’I.ANT DCS IONS 

I wo commo iv i ;i I plant designs yielding semiconductor-grade, molten 
silicon have boon assembled. They are identified by their silicon produc- 
lion capacity; the first is a 10(H) MT/Vr (Metric Ton pet’ Year! plant, the 
second is a l JO MT/Yr plant. The 1J0 MT/Yr commercial plant is based on 
the 100 MT/Yr lixper iment a l Process System Development Unit (I-PSIUJ) with 
some equipment changes. The difference of JO MT/Yr in silicon production 
is based solely on the higher on-stream factor. 0.85 versus 0.70 used for 
tlie lil’SDU design. The 1000 MT/Yr commercial plant uses the same process as 
the 1 JO MT/Yr commercial plant, but the equipment used in this design has 
boon resized. The 1J0 MT/Yr facility is presented to provide insight into 
the relationship between production capacity and economic performance. The 
larger, more economically attractive, 1000 MT/Yr plant is also discussed. 

The process flow diagram, Figure 5-1, represents the process for both 
a- 0 and 1000 MT/Yr commercial plants. The design of the two commercial 
plants was based on the issue 1 stream catalog (heat/mass balance, Table 
C-II), and the heat duties found on the process flow diagram (Figure 5-1). 
Ihc issue 1 stream catalog defines the components and flow quantities for 
the -process streams on the process flow diagram. A list of physical proper- 
ties for all the process streams can be found in Table C-III. An issue 1 
stream summary, Table C-l, supplies temperatures, pressures and decriptions 
for all streams on the process flow diagram. 

An improved heat and mass balance was generated as a result of new 
kinetic data collected on the hydrogenation reactor. On the basis of this 
new data, design changes were made to both the TCS redistribution reactor 
and the DCS redistribution reactor; these changes arc within equipment 
design specifications. A list of improved heat duties can be found in 
Table F.-I, along with equipment names and equipment numbers corresponding 
to those on the process flow diagram. Figure 5-1. The issue 2 stream catalog 
(Table H-III) defines the components and improved flow quantities for the 
process streams. A list of physical properties for the improved process 
streams can be tound in Table F.-Y'. An issue 2 stream summary (Tabic II- II) 

J 1 0 
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supplies adjusted temperatures, pressures and descriptions for all streams 
based on the issue 2 stream catalog. A trace component analysis (Table 13- IV) 
is provided to present contaminant levels in principal process streams. 

5.1 1000 MT/YR COMMERCIAL PLANT 

5.1.1 Introduction 

The 1000 MT/Yr commercial plant design converts 98%-pure, metallur- 
gical-grade silicon to ultra-high-purity, semiconductor-grade, molten silicon 
metal. Powdered, metallurgical-grade, silicon metal feed is converted to 
trichlorosilane by hydrogenation with silicon tetrachloride in a hot, high- 
pressure, fluid-bed reactor. Through successive purifications by distilla- 
tion and chlorosilane redistribution, the trichlorosilane is converted to 
ultra-high-purity silane containing an electronically active metal contaminant 
concentration below 0.01 PPB. The pure silane is pyrolyzed to form finely 
divided silicon metal powder, which is electrically melted in enclosed quartz 
crucibles to yield the molten silicon product. The molten product will be 
extracted from its containing crucibles and subsequently processed by tech- 
nology presently being developed by other JPL contractors. The definition 
and cost of processing the molten silicon is not included in this design 
study. 


The ultimate goal of the DOE/ JPL solar program is to produce, by - 
1986, semiconductor-grade silicon costing no more than $10/kg._in 1975 dollars. 
A facility meeting these goals is described. 

5.1.2 Process Design 

5. 1.2.1 Process Description 

The process design converts 98%-pure, commercial, metal lurgical- 
grade silicon into ultra-high-purity silicon metal suitable for solar-cell 
applications. The feed metallurgical silicon is converted to gaseous 
trichlorosilane (TCS) in a hot, copper-catalyzed, fluid-bed reactor. Non- 
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volatile, metal-chloride contaminants are separated from the reactor product- 
stream by removal of a small, liquid fraction at its dewpoint , and hydrogen 
is subsequently separated as a noneondcnsablo gas from the condensed crude 
TCS liquid. The crude TCS liquid is stripped free of dissolved volatile 
impurities in a stripping column. The material is then processed through 
a series of three conventional distillation columns and two redistri- 
bution reactors. This equipment pi'ogressivcly replaces chlorine in the 
chlorosilane molecules with hydrogen, pushing the heavily chlorinated com- 
pounds back to the front of the process and hydrogen-rich molecules forward. 
Ultimately, silane is produced and subjected to a final distillation in 
the fourth column that yields an ultra-high-purity, liquid-silane product. 

The pure silane is pyrolyzed to form hydrogen gas and high-purity, 
silicon metal powder. The powder is consolidated by melting and removed 
from the process. 

Reference to the plant process flow diagram, Figure 5-1, is suggested 
as necessary for following the ensuing detailed process description. 


5 .-1 . 2.1.1 Hydrogenation 

Nincty-cight-pcrccnt-pure, .powdered, metallurgical-grade silicon, 
having an average particle size of 200 microns, is received -by tank truck ox- 
rail car and is-transferred pneumatically (100) to the metallurgical-grade 
silicon storage bin, 411-02 (see Figure 5-1). The conveying air is passed 
through the metallurgical-grade silicon unloading filter, 417-02, before 
being exhausted to the atmosphere. Silicon powder from the storage bin is 
batch fed by a manual slide valve to the hydrogenation catalyst twin shell- 
blender, 428-02, into which a small amount of copper catalyst (101) is also 
being added. The catalyst/si licon powder blend is transferred through 
double, block-and-bl ecd valving into the -metal lurgi cal -grade silicon lock 
hopper; 421-02. Hydrogen gas (105) is used to pressurize the lock hopper 
to 550 psia after it has been purged free of air with utility nitrogen 
(1400). hock hopper outlet valving is then opened and high-pressure hydrogen 
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gas (104) is used to pneumatically transport the silicon powder into the 
fluid-bed, hydrogenation reactor, 425-02, operating at 500°c and 515 psia. 
A recycle stream of hydrogen (122) and silicon tetrachloride (STC) (123), 
heated to 520°C, is controlled such that the mixed fluidizing stream (107) 
entering the reactor contains equal molar proportions of hydrogen and STC. 

In the hot (500°C) , fluid-bed environment of the reactor, the STC 
is hydrogenated according to the overall reaction, 


Cu 


3SiCl 4 + 2H 2 + Si j 4HSiCl , 


(5-1) 


which is reversible and which, in the presence of copper catalyst and 
selected bed dimensions, proceeds nearly to equilibrium to yield a hot, 
overhead, vapor stream (108) that contains about 15% TCS, 44% unreacted 
hydrogen and 41% STC. This hot vapor also contains some unreacted silicon 
dust, copper powder, and all the trace metal contaminants released from the 
metallurgical silicon in the reactor as metal chlorides. This stream is 
quenched to its dewpoint, about 180°C, b y a large STC/TCS liquid recycle 
stream (111) in an efficient venturi quench and solids removal contactor 
429-02. The two-phase product (110) is delivered to the waste settler 
tank, 421-04. Liquid STC/TCS from the settler tank is pumped by the quench 
contactor pump, 426-02, to the venturi quench contactor. Many of the metal 
contaminants form insoluble complexes with one another in this unit (e.g., 
aluminum chloride forms a complex with iron chloride) and settle to the 
bottom of the quiescent settler tank as sludge. Some metal salts remain 
dissolved in the liquid and a small fraction leave in the vapor phase from 
the top of the settler. More than 90% of the undesirable metal contaminants 
remain in the settler either in solution or as insoluble sludge. A small 
stream (112) of STC/TCS liquid from the settler containing unreacted silicon 
powder dust, copper catalyst dust, complexed metal salt sludge and dissolved 
metal salts is rejected through the waste chlorides tank, 421-06, to waste 
disposal. 


The dust-free STC/TCS hydrogen stream, with reduced metal chloride 
contaminants, flows from the settler through a water-cooled heat exchanger, 
which condenses the STC/TCS from the noncondensable unreacted hydrogen, to 
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th ° ‘ ,UOm ' h C ° ,UlenSlvr rocoivor * 421-08. The hydrogen gas (US) is separated 
f’on. the STC/TCS condensate, increased in pressure by the recycle hydrogen 
compressor, 423-02, to 322 psia, and heated to 520‘V in the reeve. o hvdro«en 
superheater, 429-08, before being recycled to the fluid bed STC hydrogenation 
reactor (122). A small quantity of liquid STC/TCS (115) is circulated from 
the quench condenser receiver to the quench condenser by the quench condenser 
wash pump, 420-04, This liquid is sprayed on the tube walls of the quench 
condenser to wash away any metal chloride contaminants that may have carried 
over from the settler tank and were deposited. Liquid STC/TCS is also sup- 
plied by gravity from the quench condenser receiver to the settler tank (lie) 
as required to maintain a constant liquid level. The latent heat in this 
stream provides the cooling needed to reduce the temperature of the reactor 
product from the reactor outlet temperature of 500°C to the settler operating 
temperature of approximately 180°0. Crude STC/TCS product (119) at ambient 
temperature is delivered to the large, crude TCS storage tank. 421-10, oper- 
ating at 100 psia. This nitrogen-pressurised tank provides decoupling between 
the STC hydrogenation and the distillation/redistribution/purification train. 
Shutdown of either plant section will not necessitate immediate outage of 
the other because of this feature. 


5 . 1 . 2 . 1 .; 


Pi s t i 1 1 a t i on/ Rcdi s t r i but ion 


Crude STC/TCS liquid flows (125) from the crude TCS storage tank 
421-10, to the stripping column, 432-02, which operates at 90 psia and is 
designed to remove the 99* of the possible hydrogen sulfide dissolved in 
the feed. The stripping column is designed to accomplish two objectives: 

(1) to remove all volatile contaminant gases lighter than silane to at 

least 0.01 PPB and (2) to remove 99" of the heaviest of the volatile con- 

taminants. These contaminants are heavier than silane. It is not necessary 
to drive the stripper when removing the volatile contaminants heavier than 
silane since they will be rejected in the bottoms of the silane column, 

432-08 , and purged (22b) . The reboiler on the stripper, operating at 12«»'\:, 
is driven bv hot oil from a closed-loop. hot-oil heating system; heat is 
extracted from the overhead condenser by a refrigeration system. Overhead 
distillate vapor containing the rejected light gases is directed to waste 




im.inci.it i on. Since the teed to the column contains significant amounts of 

column opeiating conditions have been selected to minimize overhead 
losses of this valuable material. 

Lrude STC/TCS liquid, free of dissolved volatile contaminants, flows 
COo) from the stripper reboiler, 434-04, to tray 5 in the TCS column, 432-04. 
The 30-tray TCS column receives a second feed stream (212) containing a mix- 
ture of chlorosi lanes including STC that has been recycled back from the 
reboiler, 434-10, of the DCS column. Operating at 55 psia, the TCS column 
is designed to recover 97% of the total STC in its two feeds in the bottom 
liquid product, and 97% of the total TCS feed in its overhead distillate 
product. The STC bottom liquid product (238) is cooled by the STC cooler, 
434-24, against cooling water and delivered to a large-atmospheric-pressure, 
liquid -STC storage tank, 421-12. Liquid STC from this tank (127) is pumped, 
426-06, through the recycle STC vaporizer, 424-04; heated to S20°C in the 
recycle STC superheater, 429-06; and recycled back to the fluid-bed reactor 
(123). To make up for the small amounts of chlorine that are rejected from 
the settler tank (112) and the stripper column overheads (2501), technical- 

giade STC is periodically added (102) to the inventory in the STC storage 
tank. 


Most of the trace-metal contaminants (PC1„, AsCl„, FeCl_, NiCl 

t:UC1 -” CaC;i 2’ ctc) th:,t ontor with tho rrude STC/TCS liquid fed to this” 
column (206) have a higher boiling point than STC and will, therefore, be 
rejected with the bottoms product (238) back to the hydrogenation reactor 
trough the STC vaporizer and superheater, and end up as sludge in the 
settler tank. Some of the contaminants will be rejected directly to the 
settler tank as vaporizer blowdown (132) and will also end up as sludge in 
the settler tank. If present, contaminants lighter than STC (B,ll , P1L, 
AsIL, BC 1 V etc.) will leave the TCS column with the disti UateV^duct! 

The TCS column overhead vapor (209), a mixture of MCS, DCS, and 
US, is totally condensed against cooling water in the TCS column con- 
denser, 434-08. This liquid is pumped and divided between column reflux 
(213) and distillate product (214). The distillate product flows to tray 
39 of the subsequent 62-tray DCS column, 432-06. The DCS column, operating 
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at 320 psia, receives at tray 53 a second feed (225) recycled from the 
rehoiler, 434-20, of the silane column. Both feeds contain mixtures of 
ehlorosi lanes. Column operating conditions have been selected to de- 
liver 97"o of the total TCS contained in both feeds to the bottom and 97", 
of the DCS feed to the top of the column as distillate product. The 
bottom product leaves (236) the hot-oil driven DCS column reboiler, 434-10 
and is cooled to 70°C. It is fed (215) liquid-phase through an Amborlyst®’ 
A-21, amine base, ion-exchange resin, catalytic-redistribution reactor, 
435-02, before being recycled (212) back to the TCS column. The reactor 
catalyzes the following reactions: 


2HSiCl 3 A + 21 H 2 SiCl 2 + SiCl 4 (5-2) 

2H 2 SiCl 2 A J 21 H 3 SiCl + HSiCl, (5-3) 

2H 3 SiCl A j 21 SiH 4 + H 2 SiCl 2 (5-4) 

[These are reactions (4-2), (4-3), and (4-4), respectively, 
of Section 4-1 J 

The reactor is sized to convert its feed, which is predominantly TCS, to 95 
of its equilibrium value; - The equilibrium of these reactions is such that 
only small quantities of silane and MCS are formed while substantial quan- 
titles of DCS and STC are produced. 


Overhead vapor (219) from the DCS column is totally condensed 
against cooling water in the DCS column condenser, 434-14, before being 
pumped and divided between reflux (220) and distillate product (222). This 
distillate product is cooled to 5()°C against cooling water by the DCS 
cooler, 434-16, before being passed liquid-phase through a second redis- 
tribution reactor, 435-04, similar to the unit previously described. The 
feed to this reactor, primarily DCS, is redistributed to form a spectrum 
of chlorosilanes and silane that is consistent with the equilibrium reac- 
tions listed above. Silane, the ultimate product of this distillation/ 
redistribution train, increases from 0.85 to 15.46 mole percent in passing 
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The reactor product (224) is fed directly to tray 11 of the 58- 
tray silane column, 432-08, operating at 360 psia. Operating conditions 
have been selected to permit rejection as bottoms product all material 
except silane. The reboiler, 434-20, is driven by hot oil and heat is 
removed by the silane column condenser, 434-18, at -31°C by means of a 
refrigerant unit. Volatile contaminants heavier than silane are not com- 
pletely removed in the stripping column. These contaminants must be rejected 
with the bottoms product. The most volatile of the potential contaminants 
(i.e., the contaminant having the lowest boiling point) is diborane, B H 
It can be formed by chemical reaction between BC1 3 and silane. Its normal 
boiling point is -93°C, while silane boils at -112°C and MCS at -31°C. 
Operating conditions for the column have been chosen to separate silane from 
diborane and all other higher-boiling contaminants. The column has a calcu- 
lated ability to produce a silane distillate product containing <0.01 PPB 
diborane when the column feed contains 5 PPB. Ninety-seven percent of the 
silane contained in the column feed is removed as an ultra-high-purity 
overhead liquid product (231). This liquid silane is directed to one of 
three shift tanks. When the selected shift tank is filled, it is isolated 
and checked for purity and another tank is placed into service. Refrigera- 
tion is supplied to these tanks, as required, to compensate for ambient- 
heat leak and to prevent pressure buildup and loss of contents. When quality 
checks verify adequate purity, the liquid in the tank is vaporized at a 
controlled rate in an atmospheric vaporizer to maintain a constant tank 
pressure while the vapor is removed from the top of the tank (233). The 
vapor is passed through the silane superheater, 434-22, which is a bath of 
hot oil, and sent (235) to silane pyrolysis equipment for the production 
of the final, high-purity, silicon metal product. At any one time, one 
shift tank is receiving product liquid silane from the silane column, 
quality control analyses are being made on a second unit, and the third 
tank is supplying silane to pyrolysis equipment. A fourth tank is available 
in the event the silane does not pass the quality control analyses; it can 


be used to accept product liquid silane while the silane that did not pass 
the quality check is being drained. 


All materials entering the silane column, other than silane, are 
removed as bottoms liquid product (239) consisting primarily of DCS and TCS 

with small amounts of MCS and STC. This liquid stream is returned to the 
DCS column. 

The possibility that certain contaminants of intermediate vola- 
tility could become trapped in sections of the distillation system has been 
recognized. For example, BC1 3 , whose ABP falls between those of DCS and 
TCS, will report with the overhead distillate product (214) in the TCS 
column, enter the DCS column, and be rejected to its bottoms product (236). 
The bottoms product, however, recycles back to the TCS column. Therefore, 
conceivably, the concentration of BC1 3 could build in the system to the 
level necessary either to force it out the top of the DCS column or the 
bottom of the TCS column (assuming the material is not irreversibly trapped 
by the TCS redistribution reactor, 435-02). To prevent impurity buildup, 
provision has been made to recycle a small bleed stream (237) from the 
bottom of the DCS column back to the STC tank. Similarly, contaminants whose 
boiling point fall between those of DCS and silane (e.g., B ? H f . PH ) could 
build in the liquid streams (222, 225) traveling between the DCS column and 
the silane column. To avoid this possibility, provisions have been made 
to bleed a small quantity of liquid from this system back to the STC tank. 
There is also the possibility that contaminants heavier than STC are 
present in the STC storage tank. These contaminants would build up in the 
STC recycle vaporizer, 424-04, if it were not for a bleed stream (132) 
removing the contaminants to the settler tank. In all cases, the bleed 
streams are designed to provide an exit path from the system, either through 
the settler tank, if the contaminants are heavy-boiling materials, or by 
way of the stripper overhead product, if the contaminants are light-boiling 
materials. 


Boron is the most undesirable contaminant in the silicon metal 
used for electronic and semiconductor applications because it is electrically 








active and impossible to remove by solid-silicon, zone-refining techniques 
because of its unfavorable liquid/solid distribution coefficient. Three 

methods of boron removal have been incorporated into the process design of 
this plant: 

Cl) Small amounts of silane (240), which may. react with 
any BC1 3 that is present and form B^, are fed to the 
bottom of the stripper. The B 9 H g will leave with the 
stripper overhead product as opposed to BCl^ which leaves 
with the stripper crude STC/TCS bottoms product. 

(2) Passage of product chlorosilanes through catalytic 
redistribution reactors will result in the trapping 
of residual boron by this catalyst. 

(3) Finally, the silane distillation column is designed 
and operated to reject from the silane product any or 
all diborane that may be contained in its feed. 

Any of these processing steps are capable of removing boron from the system 
to acceptable levels. There is conservatism and redundancy built into the 
process to assure complete boron removal. 

5. 1.2. 1.3 Silane Pyrolysis/Consolidation 


Ultra-high-purity silane vapor flows (233) from the top of one 
of the silane storage ^tanks , 431-04, into a hot-oil bath, 434-22, to super- 
heat the silane to 52 C. The silane is passed through a micropore filter, 
437-02, before being throttled to about 25 psia and injected by a water- 
cooled nozzle (300) into quartz-lined, free-space, silane-pyrolysis reactors, 
445-02. Each reactor is heated by a resistive heater element on the outside 
of the reactor, and the wall temperature is maintained at 870°C. The gas 
in the reactor is radiantly heated to about 760°C; it decomposes exother- 
mically to form silicon and hydrogen gas according to the reaction: 

SiH 4 -*• Si + 2H 2 (5-5) 
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5. 1.2. 1.4 Waste Disposal 
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bearing gases (2500) are combusted in a nozzle-mix burner, 459-08. Liquid 
wastes are collected (406) and combusted in an atomizing, pre-mix burner, 
459-14. The various burners all discharge into a vacuum collection system 
together with enough excess air to quench the flames. To convert all 
chlorinated material to hydrogen chloride, hydrogen functionality is added, 
where necessary, in the form of natural gas. To minimize atmospheric venting 
of chlorosilanes as a result of process upsets, overpressure relief lines are 
manifolded to a pressure-relief catch tank, 451-06, which phase-separates and 
feeds material to the appropriate burner for disposal. 

Combustion gases from the burners are cooled in the silica agglom- 
erator, 459-16, to about 150-200°C. Silica particles formed in the combustion 
process agglomerate when cooled in this fashion to form larger, more easily 
controlled particles. The fumed silica, along with metal oxides formed in 
the flames, are collected by bag filters, 457-06 and 457-08. Trace sub- 
micronic solids remaining in the combustion gases (421) are removed by a high- 
energy venturi, 459-02, driven by a medium-strength, muriatic solution. As 
the combustion gases pass through the venturi, they are cooled to near dew- 
point by humidification. The gases, cleaned of solids, are then scrubbed free 
of hydrogen chloride with a two-stage venturi ejector, 459-04 and 459-06, 
producing a nominal 20% muriatic acid solution. The scrubbed gases, cleaned - 
of hydrogen chloride to part per million levels, then pass through the 
muriatic tailing column, 452-02, which has been packed with a sacrificial 
metal surface. The gas that is exhausted to the atmosphere (443) by the 
waste gas induction blower, 453-04, has solid-particulate and hydrogen- 
chloride levels that are well below regulated limits. 

The solids collected by the bag filters, primarily fumed silica, 
arc discharged through a cyclone, 458-02, and an airlock to the silica dust 
bin, 451-08. The silica dust (432) is packed into 55-gallon drums, as 
required, using a vibrating table, 458-04, to densify the dust. 

The high-energy venturi, 459-02, is purged (426) of collected 
so] ids whenever the solids concentration increases to about 2%. Approximately 
100 gallons of liquid is purged into a neutralizing tank, 451-10, equipped 
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with a sand filter where it is neutralized with lime, causing solid precipi- 
tation. Leachable calcium chloride is filtered from the solids by gravity 
percolation through the sand filter and is sewered. 

The fumed silica by-product from the bag filters is marketable as 
a low-performance filler for tires and other rubber products. The medium- 

strength, muriatic acid is marketable for such applications as pickling 
metals. 

5. 1.2. 2 Major Process Controls 


Major and critical process controls within the 1000 MT/Yr commercial 
plant processing train are described, and the rationale for their selection 
is given. Reference is made to the process flow diagram. Figure 5-1, during 
the following discussion. 

The height of the fluidized, metallurgical-silicon, powder bed in 
the hydrogenation reactor, 425-02, is detected by a differential pressure 
transmitter spanning the top surface of the bed into the reactor freeboard. 
This signal is used to effect intermittent transfer of the fresh silicon 

powder/copper catalyst mixture into the hydrogenation reactor from the feed 
lock hopper. 

The flow rate of the pump-around STC/TCS liquid (129) from the 
waste settler tank, 421-04, to the venturi quencher is determined by liquid- 
volume requirements of the venturi for effective entrapment of particulate 
matter m the liquid phase. A liquid-level controller on the waste settler 
tank provides it with ambient-temperature TCS/STC liquid (116) from the 
quench condenser receiver, 421-08.' Crude STC/TCS (119) is transferred by 
a liquid-level controller from the quench condenser receiver to the crude 

STC/TCS storage tank, 421-10, for delivery to the distillation/redistribution 
purification train (125). 

Recycled hydrogen that has been phase-separated in the quench con- 
denser receiver (118), is flow controlled through a positive displacement 
compressor, 423-02 back to the hydrogenation reactor. STC (127), pumped 
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from the STC storage tank, is flow-ratio controlled relative to the hydrogen 
flow as it is fed to the hydrogenation reactor. 

The stripping column, 434-02, is designed to remove dissolved gases 
from the crude STC/TCS fed to it. This column is designed to achieve two 
objectives. (1) to remove all volatile contaminant gases lighter than silane 
to at least 0.01 PPB and (2) to remove 99% of the heaviest of the volatile 
contaminants. These contaminants are heavier than silane. It is not 
necessary to drive the stripper in removing the volatile contaminants heavier 
than silane, since they will be rejected in the bottoms of the silane column, 
432-08, and purged (226). The reboiler rate is maintained by a flow-ratio 
control on the reboiler hot-oil supply, which is linked to the column 
feed- flow rate. This control maintains a vapor/ liquid ratio in the column 
that is adequate to strip the volatile gases from the incoming liquid. The 
bottoms liquid product is removed by a liquid-level controller on the 
stripper reboiler, 434-04. The column operating pressure of 95 psia is 
maintained by venting (2501) the noncondensables from the column condenser 

receiver, 431-02. A refrigerated overhead condenser is used to minimize 
losses of chlorosilanes . 

The TCS column, 432-04, is designed to recover 97% of the TCS and 
SIC m the distillate and bottoms product, respectively. Sharpness of 
separation is controlled by the column's reflux ratio, which is a direct 
function of reboiler duty for a fixed feed rate. Figure 5-2, which was 
assembled from data collected in early design study work, gives the com- 
puted temperature profile in the column for reboiler duties of 95, 100 and 
at the design distillate extraction rate. Increased reflux in the 
column, resulting from increased reboiler duty, provides a sharper separa- 
tion. A flow control on t 3 hot-oil feed to the column reboiler is used 
to control the reboiler duty. 

Proper control of the TCS column requires that the distillate pro- 
duct (214) be removed from the top of the column at a rate precisely matched 
by the TCS separated from the feed by the column. The temperature distri- 
bution in the column, which was assembled from data collected in early 
design... study -work, for distillate draw rates of 95, 100, and 105% of design 
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able to roeover from severe process perturbations. The column contains a 
large inventory of liquid compared to its throughput rate. Therefore, 
excursions of purity, flow rate of the feeds, or flows of its products are 
substantially damped by the mass of the inventory. Also, tray-to-tray 
purity change rates are relatively low near the ends of the column from 
which the products are extracted. The situation permits a large, temporary 
shift in column composition and temperature profile without appreciable 
effect on product composition. 

Control concepts for the PCS column, 432-06, are identical to 
those selected for the TCS column. Discharge pressure of the reflux pump, 
436-04, is 550 psia. This pressure was determined by the requirement to 
avoid the formation of two phases in the DCS redistribution reactor, 435-04. 
The pump discharge pressure is maintainedby modulation of its bypass valve. 
The distillate extraction rate is maintained by a reboiler-to-tray-40, AT 
controller, which adjusts the DCS redistribution reactor outlet valve to 
deliver feed to the silane column, 432-08. The flow control on the hot-oil 
feed modulates the column reboiler duty. The column reflux valve returns 
to the column all of the condensed overhead vapor not extracted as distillate 
product (222). It is modulated to maintain column operating pressure. This 
is accomplished by exposing the heat-exchange surface in the overhead con- 
denser, as required, by draining the condensate. 

In terms of major components, the silane column, 432-08, splits 
silane from MCS and heavier chlorosilanes. However, operating conditions 
for the column have been selected to ensure that silane is separated from 
diborane. Diborane is less volatile than silane, but much more volatile 
than MCS. The column has been designed to reduce diborane in the distillate 
to 0.01 PPB from a feed content of 5 PPB. The reflux required to accomplish 
this separation far exceeds that which would be required to reject MCS. 
Therefore, the MCS separation is accomplished by the first few trays above 
the feed. Prom that point upward, the only major constituent in the column 
is silane. A temperature profile in the column, which was assembled from 
the data collected in early design study work, is given in Figure 5-5. Five 
trays above the feed the temperature profile flattens out at the vapor 
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trace impurities from the silane. 
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availability will result in the gradual movement of MCS up the column be 
ginning at the feed tray. A column temperature-increase wave starting at t h, 
oo ray and moving up the coin, will simultaneously develop. If Z1Z 
< a i ate extraction occurs for a long period of time, MCS will appear in 

t :;;r; a r Pr ° dUCt ' A AT C ° ntr ° llcr "".“soring between tray 54 and 

to 1 1 ' • Se " S ° r rather than a ainfiic-tray temperature sensor is used 

o help minimize interaction with column pressure perturbations) will 

, etect the onset of this MCS '.climbing" effect. This control will not be 

excursi IrofMCS r 7 ^ “ “ PSMS b — «»~i«»t 

t . , . 8 lnt ° the u '’ pcr soctio " »f the column will not cause 

productton of unacceptable silane product. Also, the temporary appear- 

■ ce of substantial quantities of silane in the bottoms has no serious effect 

The column pressure is maintained by the reboiler-heat-input rate, 
noug , vapor is generated at the column bottom to provide the vapor needed 
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* 
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at the column top to supply the necessary distillate and reflux rates. 
Adequate heat -exchanger surface is maintained in the overhead condenser, 
434- IS, by the level of condensate, which blanks excess heat-exchanger 
surface, as required, to match instantaneous duty and surface-area needs, 


Silane distillate product is flow-controlled into one of three 
refrigerant-cooled shift tanks; a fourth tank is used for backup. Pressure 
in thcse tanks is maintained at about 20 psi below the silane column 
operating pressure by a split-range control that supplies refrigeration 
to counter a tendency of the pressure to rise as a result of inflowing 
heat leak. Uhcn the tank is filled, it is isolated and various quality 
control tests are perfoimed on its contents. Its pressure is then increased 
to about 20 psi above silane column pressure to avoid any possibilty of in- 
lcakage ol additional material from the silane column following quality- 
contiol testing, \apor from the top of these tanks is extracted, as re- 
quired, with a flow controller to the silane pyrolysis reactor. Pressure 
within the tank is maintained at 20 psi above the silane column pressure by 
the same split-range pressure controller. It operates the vapor valve on 
an air-heating coil to generate pressure by extracting liquid from the 
bottom of the tank, vaporizing it and injecting it back into the top of 
the tank. 


5. 1.2; 3 Rationale for Selection of Operating Conditions 
S. 1 . 2. 3. 1 llydrogenat ion 


A reactor operating temperature of 932°F was selected. This is 


high enough to obtain acceptable first-order reaction rates (Section 4.1) 
such that near-equilibrium, reactor-effluent composition is approached with 
modest bed volume. This operating temperature is also low enough to avoid 
the need for exotic materials of construction. At this temperature, 
operating data arc available to ensure validity of reaction yields used. 


The ratio of hydrogen to silicon tetrachloride in the reactor 
.md the reactor pressure have been selected as equimolar and SOP psia, 


feed 
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respectively. This feed ratio was selected to provide an optimum yield of 
tr ichlorosilane at economic prices. Significant deviation from equimolar 
ratio will result in one recycle stream or the other being greatly increased, 
causing the total amount of utilities required to increase. The 500 psia 
pressure was selected to maximize yield without reaching the point at which 

equipment availability becomes restricted or component critical pressures 
are approached. 


Vapors coming from the hydrogenation reactor are quenched to their 
dewpoint by adiabatic humidification with recycle crude TCS/STC mixture in 
an efficient contactor. Vapors and liquid from the quench are separated 
efficiently to minimize solids carryover, particularly carryover of aluminum 
chloride. Vapors pass to a downflow vertical condenser, where they are par- 
tially condensed to 100°F. A condensate pump is used to respray a small 
amount of liquid into the condenser top head, if necessary, to wash the 
top of the tubes. The best available information indicates that an upt'low 
condenser is not required to maintain sufficiently low aluminum chloride 
buildup on tubes, if an efficient phase- separator is provided after quenching. 

Use of a refrigerated aftercondenser to remove more chlorosilanes 
trom the hydrogen has been examined and -found uneconomical at this pressure 
(500 psia). This is based on a comparison of the condenser total cost vs — 
the decrease in hydrogenation reactor size resulting from the recycling of 
less trichlorosilane. 

5. 1.2. 5. 2 Distillation Columns 

Column pressures have been selected to economically allow com- 
ponent separation without imposing hydraulic difficulties on tray design. 

1-or each column, maximum pressures were determined to limit surface tension 
and vapor-liquid differential density to those values that would give good 
tray hydraulics. At pressures below the maximum limits, economics were 
considered to yield the lowest overall cost (amortized capital cost plus 
utilities) for columns of reasonable height. Based on these considerations, 
the best ranges of operation were found to be 100 psia for the stripping 


^0 Uinn, SO psia lor the TCS column, 300 psia for the DCS column, and 400 

PMa fl>r ' th ° Silane C0lu,,m - To proper pressure differentials for 

flow back and forth between columns, pressures were selected at OS SS VO 

and 300 psia, respectively. One of the major considerations in this economic 
eva nation was the use of high-temperature coolant (cooling water) in the 
condensers. Below ambient temperature cooling is required for only two of the 

;° n r SCrh : A S,IUl11, Packa80d * ' 31 ° C rcfri S cr ation system is provided 

Use of'tr - 10 StriPIVUlfi COll " nn and final polishing column condensers. 

.. 1US 1£1 1CVCl refrifi0ration in thc stripping column minimizes chloro- 
silnne losses. The high vapor pressure of silane requires operation of the 
silane column condenser at below ambient temperature. 

Component recoveries were set at 97% of the light key in the 
overhead products and 97% of the heavy key in the bottom products. Tins is 
an estimated optimum recovery, based on experience, to drive the columns 
enough to reduce recycle streams without excess utility consumption. Rejec- 
tion of the light gases from the stripping column bottoms and the impurity 

compounds from the silane column overhead is based on required silane purity, 
rather than recycle minimization. 


5. 1.2.. i.3 Chlorosilane Redistribution Reactors 

The TCS redistribution reactor is positioned between thc TCS 
cohunn and thc DCS column. The DCS redistribution reactor is positioned 
between the DCS column and the silane column. Both are operated with 
single-phase flow to maintain proper flow profiles through the reactors. 
To do this, the DCS reactor receives liquid feed at or above 550 psia to 
avoid the bubble point rise after redistribution and the TCS reactor re- 
ceives liquid feed at or above 85 psia for the same reason. Immediately 
foi 1 owing these reactors, the liquids enter the appropriate distillation 
columns, where they are throttled to column pressure. 

Temperatures of 50°C ami 7l)“c were chose,, as oporati,,,, temper- 
atures for the DCS and TCS redistribution reactors, respectively. These 
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temperatures were chosen to 
cessivcly high pressures (to 
of the catalyst. 


maintain high rate, while avoiding cither ex 
control bubble point) or thermal breakdown 


5. 1.2, 3. 4 Pyrolysis 

Pressure in the pyrolysis reactor is slightly above atmospheric 
or 5-10 psig. The pressure should be high enough to avoid air in-leakage 
and provide enough pressure drop for the hydrogen by-product through dis- 
carge piping. The pressure should also be low enough to minimize seal 
requirements and stress on heated members. Temperatures were chosen to 

produce the rapid breakdown of silane in the reactor, yet avoid semi-solids 
formation in the unit. 


5 . 1 . 2. 4 


Contaminant Removal Summary 


Impurities that must be removed from silicon via this process enter 
in several places. The primary source of impurities is the metallurgical- 
grade silicon raw material. Other impurities enter with the cement copper 
catalyst that is used in hydrogenation, with the process make-up hydrogen 
and with the process make-up silicon tetrachioride. Nitrogen impurities ’ 
are contained in the voids of the nitrogen-purged, metallurgies silicon and 
are dissolved m the liquids that flow through nitrogen-padded storage tanks. 
U certainty exists as to the contribution of impurities by metal surfaces in 
the silane processing .equipment and by materials of construction used in the 
pjrolysis/consolidation equipment. Sufficient technology exists on surface 
passivation to reduce the contribution of contamination by metal surfaces 
to acceptable levels. The impurities levels in pyrolysis/consoiidation is 
somewhat unknown. While use of high-purity quartz and water-cooled metal 
will minimize impurities, the ultimate impact is unknown. Best indications 
torn experimental work (Ref. ,7) show a resistivity similar to semiconductor- 

grade silicon. This still must be demonstrated on a day-to-day basis in a 
plant environment. 


h0WS typical impurity levels entering the process and 
the relative proportions entering with each raw material. These impurities 
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TABLE V-i 


PROCESS IMPURITIES 


I'l orient or 
Compound 

Amount ! : »t**rinp, 
per Amount Product 

Entry Point, Percentage 
of Total Compound lint or inn 


Exit Point 
indicates c 
is present) 

(«X* 

ompound 

lb. moles/ 1 1 

h , mo 1 e 

Metal Grade 
Si 1 icon 

Cement 

Copper 

Hydrogen 

STC 

Waste 

Chlorides 

St ripper 
Column 

Aluminum 

3.25 

X 

to*' 

96 . 5 fl o 

1 . 1 % 

• 

2 . 5 % 

X 


Ant imony 

2.63 

X 

to * 6 

81.0 

16.2 


2.8 

X 


Argon 

0.43 

X 

to- 5 * 

0.1 

- 

99.6 



X 

Arsenic 

4.19 

X 

to * 6 

81.0 

16.2 


2.8 

X 

X 

Boron 

1.01 

X 

to " 4 

100.0 

- 



X 

X 

Calcium 

4.08 

X 

to " 4 

100.0 

- 

• 

• 

X 


Carbon (C) 

1,3 

X 

to * 3 

100,0 

. 



X 


Carbon Dioxide 

2.42 

V 

to * 6 

0.3 


99.7 



X 

Chromium 

1.20 

X 

to * 4 

100.0 

• 



X 


Copper 

9.60 

X 

to * 3 

0.6 

99,4 


< .1 

X 


Hel ium 

6. OS 

X 

io"®~ 

- 


100.0 

_ 


X 

Iron 

3.10 

X 

to * 3 

99.9 

0.1 


< .1 

X 


Lead 

■ 1.2961 

X 

to * 6 

25. 2 

74,0 


.8 

X 


Magnesium 

2,16 

X 

to * 4 

99.2 

0.8 



X 


Manganese 

1,14 

X 

to * 4 

100.0 

• 

» 

<.l 

X 


Methane 

1.94 

X 

to * 6 

0.7 

- 

99.3 

. 


X 

Me^SiCl 0 

9 . 6 ? 8 

X 

to- 4 ** 

- 

- 

• 

100.0 


X 

Nickel 

3 . 96 

X 

to -5 

100.0 

„ 


< .1 

X 

X 

Nitrogen (NJ 

2.01 

X 

10 

6.2 

- 

0.2 

93.6 


X 

Oxygen (OJ 

4.18 

X 

10 

59.7 

39.3 

0.7 

0.3 

X 


Phosphorus 

2.01 

X 

10“ 4 

100.0 

- 

• 

< .1 

X 

X 

Sul fur 

7.19 

X 

ltf S 

7.0 

93.0 


„ 

X 

X 

Titanium 

2.21 

X 

to “ 4 

53.9 

_ 


16,1 

X 


Vanadium 

1.22 

X 

IO**' 1 

99.4 

«- 


0.6 

X 


Zinc 

4.81 

X 

io~ (> 

100,0 

- 

. 

• 

X 


Zi r con ium 

8.25 

X 

10" 5 

77.7' 

- 

- 

22.3 

X 



NOILS: * Argon docs not include pyrolysis purge quantities. 

*** Pypteal o rganic-ch loros i 1 nne. Decomposes to methane and ch 1 ores i lanes. 
Includes dissolved nitrogen in inert gas padding on STC storage tanks, 
**** Includes oxygon content of moisture. Reacts to form oxides. 


exit the process in two major streams. The complexed and chloride solids 
are removed through the settler and the light gases are removed by the 
stripping column. Minor exit points include tank purges, equipment guard 
filter catches and adsorption by the redistribution reactor catalyst. 

Except for light gases, entering impurities are converted to 
their respective chloride forms in the hydrogenation reactor. These com- 
pounds generally have higher boiling points than the chlorosilane mixture 
exiting the hydrogenation reactor. Rapid quenching of gases to the dew- 
point results in the formation of a slurry of metal chlorides. Some com- 
pounds also react (particularly with boron and phosphorous) to form high- 
boiling complexes. The uncondensed mixture of hydrogen and chlorosilane is 
freed of most impurities at this point. Some of the more volatile chlorides 

such as aluminum and titanium, however, are still present in significant 
quantities. 


After condensation, the dissolved light gases are removed by the 
stripping column. All volatile contaminant gases lighter than silane must 
be removed to at least 0.01 PPB and 99% of the heaviest of the volatile 
contaminants, which are also heavier than silane, must also be removed. It 
is not necessary to drive the stripper in removing the volatile contaminants 
heavier than silane since they will be rejected in the bottoms of the silane 
column and purged. The bottoms product of the stripping column still con- 
tains dissolved impurities, but virtually all impurities (except boron, 
phosphorus, and arsenic, which pass through as hydrides) are separated from 
the distillate in the next distillation column. The reaction of boron 
trichloride to diborane occurs in the second column as trace amounts of 
silane from the TCS redistribution reactor contact boron trichloride. 

Similar reactions occur to phosphorus and arsenic chlorides. Essentially 
all other impurities are removed in the bottoms product of the second column 
with STC. These compounds are recycled back through hydrogenation and 
removed from the process in the settler. Depending on volatility, the 
impurity chlorides will build to fixed concentrations in this loop between 
hydrogenation and the second distillation column. 
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The distillate from the second column probably contains measurable 
amounts of boron, phosphorus and arsenic. Amounts of other materials can be 
calculated on a theoretical basis but may not be measurable. After this 
liquid is fed to the third column, little change is made in impurity levels. 
It is conceivable, however, that certain trace compounds may enter the 
process and become trapped between the second and third columns. To prevent 
this, a purge stream is taken from the bottoms product of the third column 
and sent back to hydrogenation. An example of such a compound would be 
methyl- or dimethyl-chlorosilanc. 

The distillate of the third column passes through a redistribution 
reactor before being fed to the fourth distillation column. Boron present 
in the third column distillate is further reduced by adsorption onto the 
redistribution reactor catalyst. The last column is keyed to reject diborane 
to a level of 0.01 PPB. Since other impurities are heavier, they are removed 
to even lower concentrations. To prevent a buildup of diborane, phosphine 

and arsine, a purge from the fourth column bottoms product is sent back to 
hydrogenation. 


In addition to the previously discussed precautions, another scheme 
is employed to reduce the boron flow to the last column. Small amounts of 
silane from the silane column distillate are fed to the bottom of the 
stripping column, which may react with any boron trichloride that is present 
and form diborane. Diborane will leave with the overhead product as opposed 
to boron trichloride which leaves with the crude STC/TCS bottoms product. 

Because of the redundancy employed in removing impurities, the silane 
distillate from the last column should be of extremely high purity. Antici- 
pated silane purity is shorn in Table V-2 on a theoretically calculated 
basis, on an expected basis, and on the basis of the probable requirements 
to make semi conductor- grade product. 


242 




Compounds 

Boron 

Phosphorus' 

Arsenic 

Sulfur 

Methyls, dimethyls 
Ti, V, Zr 


TAB 1,0 V-2 

PRODUCT SlLANli IMPURIT Y ANALY SIS 
(In Parts per Billion) 


Theoretical 

Mass Balance 

6.48x10 “ S 

9.687xl0 -13 

S.260xl0" 23 

1.566xi0“ 12 

io ~ 90 

2.0518xl0~ 30 


A.l 

2.051xl0“ 30 

Helium 

10“ 90 

Hydrogen 

l 0 -90 

Nitrogen 

8.4695 X 10" 8 

Oxygen 


Argon 

2.9 x 10" 7 

Methane 

3.4647 x 10" 12 

Carbon Dioxide 

1.2850xl0" 3 

Water 


Chlorosi lanes 

1.0259xlo"' >0 

Hydrogen Chloride 

--- 

X0TH: First column is ; 

) theoretical 

tramp impurities 

or equipment- 


lixpectcd 

0.01 

< 0.01 

< 0.01 


< 1 


Required I'or 
10()+S2-cn) Product 

0.01 

< 0.01 

< 0.01 


< 0.01 


A 
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5 , 1 , 2 , 5 Process Performance 
S. 1.2. 5.1 Plant Battery Limits 


The 1000 MT/Yr commercial pl„„t requires raw materials, utilities, 
c C consumable items to operate. Raw material consumption consists of 98V 

tetLhl r UrS T 1 ‘ 8rade SiliC0 ”' CemOTt C0W ’ er ' •»!«» 

tetrachlonde and commercial-grade hydrogen, utility inputs are water 

fossrl fuel, electrical power, inert gases, a hot-oil process heating lystem 

an a modest refrigeration system. Console items requirements consist of 

m ::r r6Sln CatalXSt ' qi ““’ SiU “" - various analytical 


This commercial plant generates a liquid silicon product, by- 
products and waste. The by-products are fumed silica and muriatic acid, 
die are actuaily recovered from plant waste. This reduces volume, cost 
and time involved in handling the disposal of plant waste. 

5.1. 2.5. 1.1 Raw Materials 


Metallurgical-grade silicon will be supplied as nominal 200- 
micron srte powder and will be stored in an atmospheric closed bin. The 

Z bulk 5 b' UPPed U!i " 8 Ce " ent traller - t «’ e tr “' ks ^e commonly used 
for bulk -abrasive solids delivery. The powder will be conveyed from truck 

US1 ” E the trUCk ' s on - boar<J i" a positive-pressure mode. 

Cement copper nil be supplied as commercial-grade material 
prepackaged into one- or two-gallon metal pails that can be conveniently 
ransperted. The cement copper will be loaded manually into the blender. 

grade liouid tetl ' aChl ° ride “ U1 be «W»* « technical- 

tank t t a 51 " St ° r " “ a ' m0Spherlc tank ' I* “iU be delivered by 

truck and pumped into storage by pressuring the tank truck with nitrogen. 

site , C °" erCial ' erade h T^ r0 8 en gas will be supplied and stored on 

site as a liquid. It will be transported by tank truck. 
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5, 1.2. 5, 1.2 Utilities 


Utilities required by the process will consist of a closed- 
loop, hot-oil heat source to drive reboilers, cooling water, potable water, 

electrical power, fossil fuel (natural gas), a modest refrigeration system 
arid inert gas. 


The heat to drive process reboilers can be obtained by steam 
heat or recirculated hot oil. To maintain the simplest, most automatic 
means of process heating, a heat-transfer oil, such as Therminol-60, at 
290 C is preferred over a 600-psig steam system. Although the energy density 
is lower with a recirculated liquid than with a condensing high-pressure 
steam, the recirculated liquid offers certain operational and economical 
advantages. Elimination of the need for boiler-feed water supply and treat- 
ment and boiler blowdown, and a reduction in manpower attention are seen as 
reasons to favor a hot-oil system. 


Potable water will be required to provide cooling water make-up 
and to provide process water for use in waste treatment. 


Electrical power will be required to drive electrical motors and 
pyrolysis heaters. 

Fossil fuel will be required to fire the hot-oil heater, a 
direct-fired process superheater, and the combustion equipment used in 
waste treatment. 

A small refrigeration system will be required to drive the strip- 
ping column condenser, and the silane column condenser, and to maintain liquid 
silane equipment at temperatures below ambient. An R-12 system, with a -43°C 
condenser temperature is recommended. 


Inert gases are required to purge process equipment. Argon will 
be used in the pyrolysis/consolidation area, and nitrogen will be used in all 
other areas of the plant. 


5 . 1 . 2 . 5 . 1 , 3 Consumables ' 


Ambcrlyst. 


.© 


Consumables for the process 
A-21, ami no- functional resin, 


will consist of Rohm and Haas 
quart 2 ware for the pyrolysis/ 


consolidation equipment, silicon wafers for analysis of silane purity and 
various analytical chemicals. 


Amine resin will be required to recharge the two redistribu- 
tion reactors. While catalyst deactivation rates are uncertain, it has 
been estimated that approximately one charge per year will be required. 

Quart z ware will be required for pyrolysis reactor liners and 
product melter crucibles. Replacement rate will be a function of thermal 
and mechanical fatigue. It is estimated that each quartz liner will have to 
be replaced once every three months and that each quartz crucible will have 
to be replaced once every three days. 


Single, crystal, silicon wafers one-inch in diameter will be 
used for epitaxy. Three wafers per day will be used. 

Analysis chemicals will be needed to stock a quality-control 
laboratory. Cylinder- gases will be used for gas chromatography and epitaxy 
analyses; required cylinder gases include helium, electronic-grade hydrogen, 
hydrogen chloride and argon. Specialty chemicals needed for concentration ’ 
and sample preparation of certain chemicals include perchloric acid, hydro- 
fluoric acid, nitric acid, ethyl alcohol, isopropyl alcohol, liquid ammonia, 
ammonia molybdate, and curcumin polynitrite. Additionally, caustic soda 
and electronic-grade acetone will be required for cleanup and disposal. 

5. 1.2. 5. 1.4 By-products and Wastes 


System wastes are processed through a flame-oxidation subsystem 
to recover silicon as a fumed silica by-product. Chlorine is recovered as a 
weak muriatic acid solution. Bn .n are marketable as low-value commodities. 
The fumed silica is used as a filler for such items as rubber products and 
the muriatic acid is used for such purposes as metal pickling. 
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riant Design 


S. 1.3.1 Process Equipment. 

A complete process equipment list, whirl, includes pertinent inf,,,.. 
mat ion about each piece of equipment, is provided in Table, c- IV for the 
1000 MT/Yr commercial plant. More detailed specifications are supplied 
tor tho major pieces of equipment (hydrogenation reactor, distillation 
columns, redistribution reactors, and pyrolysis reactor) in Tables r-V 
through C»I. The details and specifications necessary for siting 'and 

designing the equipment arc all based on the stream catalog listed in 

Table C-II. 

5. 1.3. 2 Chemical Handling and Safety 

Chlorosilanes and silane arc stable compounds at both ambient and 
on, cess conditions of temperature and pressure. They may be handled safely 
piov.ded their chemical properties are known and proper provisions taken. ’ 

' compounds are noncorrosive to both metals and plasties. However in 
the presence of moisture, chlorosilanes rapidly react to form silicon hydra, 
and hydrogen chloride. Because of this reactivity, chlorosilanes should ah, 
l "' UllC ' 1 Mth Ci,1 '° to Preclude contact with sources of moisture, even afar 
Phene air. All chlorosilanes should he treated as potential lia sources 

Mhmo contains no chlorine, is no, reactive with moisture, and, therefore 
pi vKlucos no corrosive by-products. 


Flammability of this series increases from silicon tetrachloride, 
Which is nonflammable, to silane, which is pyrophoric (it combusts upon 
contact with air). The reported flashpoint for trirlilorosilanc is -js‘Y 
with dichiorosilanc reported at less than (tag closed cup) and at less 


than -37 C (tag open cup) 


Volatility and flame temperature also increase through the series. 
Silicon tetrachloride and trichlorosilnno are liquids at normal conditions’ 
ot temperature and pressure and are heavier than water. Dichiorosilanc, 


monoohlorosi lane and silane are gases at normal conditions and are heavier 
than air. The flame temperature increases with increasing hydrogen content 
(decreasing chlorine content), ranging from nonflammable silicon tetra- 
chloride to silane, which has a flame temperature slightly less than methane. 

Chlorosi lanes and silane should be disposed by controlled combus- 
tion in the waste-treatment area. However, they may be disposed alternately 
by reacting with a lime or caustic solution, using copious amounts of solu- 
tion to keep heat effects to a minimum. 


A chlorosilane fire is handled in similar fashion using copious 
amounts of water in a coarse spray. A silane fire cannot be fought with 
water since no ignition source is necessary. It is handled similar to a 
hydrogen fire, by shutting off the source. 

5. 1.3.3 Instrumentation and Control 

The instrumentation for the plant consists of equipment to achieve 
overall process control and to monitor quality control. While a modern 
process control system may contain some means of recording control parameters, 
ho special equipment will be installed exclusively for data collection other 
than some -chart recorders. All extensive data collection to evaluate process 
feasibility and operating characteristics will have been done prior to con- 
struction of a commercial plant. 

Process control equipment is specified by the temperatures, pres- 
sures and mass flows given in the stream catalog, Table C-II, together with 
the methods of control for individual loops as determined above. Process 
control equipment will generally consist of field-mounted transmitters and 
relays, which interface with a central control panel and alarm modulo. Pi old- 
mounted panels will be minimal and only used for troubleshooting. An excep- 
tion to this will be the stacked pyrolysis reactor/melter units, which will 
be operated from field-mounted panels with supervisory control at the 
central control room. 
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A»'^iti.»i n ^ 1 7Z«or t ,m ITL'IT 1 !" 0 " ky “ n 

of the equipment in the field , ctual operation 

t„0 operators win monUor py^i % of the Pyrolysis 

- - — - — A f °~- 

anai y sts. QU Fori'r ntr01 e,UiPment “ by tlM «*■»««*. of 

gas chromatography loused a "p lyS1S ’ ‘ combinati °» »f wot chemistry and 
provided to u ^ ‘ ««- “ 

WMla 'Ws method does not reveal individua, °" “ '"** SUb8tme - 

quate day-to-day check on si l contaminant levels, an ade- 

polarity (p-type vs „. type , “ ,Uallty . iS ° btained * observing deposit 

quality control will be sent Tuts^T”^'- 9f * CU1 ** #, “ f ° r farthcr 

»ry technician will be on duty II C I " £? ^ ' * »■*»- 

equipment; a chemist win oversee the total T”' 0 the qUaUty C °" tr01 
control. versee the total analytical effort of quality 

5.2 120 MT/YR COMMERCIAL PLANT 

5 • 2 * 1 Introduction 


grade 0^0^^^' f ^ T" -tallurgical- 

The design study and economic InalysiTLTttiT^f 6 ’ " lt '* " >tal - 

made to provide a direct econo • SmaU commercial facility was 

1000 MT/Yr design comparison with the co-ercially viabie 

— * •»*- 

fluid-bed reactor. By succ • S1 1COn tetr achloride in a hot, 

redistribution, the trichlo^I^^^ d | 0 ,t “!“ 1 “' ^ c " 1 °>'c-lane 

r - 1 *— ^ — - ^rrrr ,M,e 
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Ihe pure silane is pyro lysed to form finely divided silicon metal 
powder that xs electrically melted in quartz crucibles to yield the molten 
sxlicon product. The molten product, will be extracted from its containing 
crucibles for subsequent processing by technology presently being developed 
by other JPL contractors. The definition and cost of this molten silicon 
processing equipment is not included in this design study. 


5.2.2 Process Design 

The 120 MT/Yr commercial plant design is the same as the 1000 MT/Yr 
commercial plant design. The operation of the smaller plant is the same as 
the operation of the 1000 MT/Yr plant, except for the quantity of ultra-high- 
punty silicon produced. The same problems of and solutions for contaminant 
removal still exist. Therefore, process controls and operating pressures 
and temperatures have not changed. The only process design difference between 
the 120 MT/Yr plant and 1000 MT/Yr plant is that hydrogen is supplied as a 
vapor and stored in cylinder banks in the 120 MT/Yr plant while it is sup- 
plied and stored as a liquid in the 1000 MT/Yr plant. 

5.2.3 Plant Design 

The equipment used in the 120 MT/Yr commercial plant differs consider- 
ably from the equipment used in the 1000 -MT/Yr commercial plant. The re- 
boilers on the stripper and silane columns are coiled tubing in the base of 
the columns for the smaller plant. The quench contactor pump is a diaphragm 
in the 120 MT/Yr plant, while it was centrifugal in the 1000 MT/Yr plant. 

The pyrolysis and consolidation area requires only three reactors and three 
melters in the small plant as opposed to fourteen reactors and fourteen 
melters in the large plant. Also, because of the smaller size, most of the 

plumbing used in the 120 MT/Yr commercial plant will be tubing instead of 
piping. 


SECTION 6 

COMMERCIAL PUNT ECONOMICS 

Two analyses were performed to assess the economics of producing molten 
silicon using the UCC silane process. The first evaluated the cost*- of 
silicon produced in a 1000 MT/Yr plant against the 1986 DOE/JPL goal of 
$10/kg (1975 dollars). The second evaluated the cost of silicon, produced 
in a 120 MT/Yr facility. The latter analysis provided da* a about the rela- 
tionship between product cost and plant capacity. 

The economic analyses are based on the best available information as of 
January 1, 1979, and are in terms of constant first-quarter 1979 dollars. 
Capital costs, startup costs, and annual operating costs have been estimated. 
By applying standard financial calculation methods, the product cost has been 
obtained both in terms of public (or utility) financing and private financing 
An annual inflation index of has been assumed for converting 1979 dollars 
to 1975 dollars for comparison with the. JPL/DOE $10/kg cost goal. 

6.1 1000 MT/YR COMMERCIAL PLANT ECONOMICS 

Based on first -quarter 1979 dollars, using public or utility financing 
at 9% interest, the silicon product of a 1000 MT/Yr plant would have a cost 
of $7. 55/kg. Assuming an inflation index of 7°o per year, this corresponds 
to a cost of $5. 76/kg in 1975 dollars, a figure well under the 1986 goal. 

The economic analysis will be presented in detail below. 


All process equipment costs were obtained with vendor assistance and 
are given in Appendix Table C-IV. Equipment sizes were scaled from those of 
the 1000 MT/Yr EPSDU. Costs for freight, mechanical contract, construction 
field support, and engineering were estimated on the basis of work done in 
the fourth quarter, 1978, in support of t He EPSDU. No detailed engineering 
design was done tor the 1000 MT/Yr plant; the data acquired for the EPSDU 
is within acceptable accuracy boundaries for budgeting purposes. All 
capital costs are reported here in constant, first-quarter 1979 dollars. 


*In this discussion the term "cost"— in reference to 
product— represents the cost to the user industries, 
expense and return on investment of the producer. 
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It includes the 
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IJW iiiatoruils, utilities, manpower, maintenance materials, analytical 
services, consumables, property taxes, insurance, period costs and home- 
ottice charges. I„ mi cases the plant site was assumed to be at the Union 
ai ude facility in hast Chicago, Indiana, permitting site-specific charges. 


The cost of startup was obtained by estimating the cost of manpower 
training and pre-operation checkout, the cost of preparing operating in- 
structions, the cost of engineering assistance during startup, the cost of 
startup operations (raw materials, utilities, etc.), and, finaily, the cost 

o reworking equipment during a post-startup period to correct any mechanical 
deficiencies uncovered during startup. 


Wonting capital requirements were determined by estimating the cash 

value necessary for the hold-up time of accounts payable, accounts receivable 
and inventory value. 


The costing elements that served as a basis for estimating plant capital 

cost, yearly operating cost, startup cost and working capital are summarised 
m Tables C - X I I I through C-XVII, 


Assuming 100*. public bond or utility financing, product costs were 
computed on the basis of the following estimates: 


Plant Capital Cost 


Construction Time 
Project Life 
Startup Cost 
Working Capi ,tl 
Yearly Operating Cost 
Depreciation 


$8,778,600 (3.4% invested in 1979, 
36.5% invested in 1980, 60.1% in- 
vested in 1981) 

2'j-3 years (including design time) 
15 years (1982 to 1997) 

$1,579,900 

$461,800 + 11% of sales 
$S,o47,000 + 10% of sales 
15 years, straight line 


The product costs obtained are as follows: 


Interest Rate 
(Percent) 

Silicon Product Cost ($/kcl 
Ist-Qtr 1979 dollars 1975 dollars 

8 

$ 7 ’ 4 4 $5.68 

9 

7 - 55 5.76 

10 

7 • 66 5,84 

11 

7. 77 5.92 

12 

7 - 88 6.01 

Assuming 100% private funds, 
compute product costs: 

the following estimates were used to 

Plant Capital Cost 

$8,778,600(3.4% invested in 1979, 
36.5% invested in 1980, 60.1% in- 
vested in 1981) 

Construction Time 

2*5-3 years (including design time) 

Project Life 

15 years (1982-1997) 

Startup Cost 

$1,579,900 

Working Capital 

$651,000 + 11% of sales — 

Yearly Operating Cost 

$5,347,000”+ 10% of sales 

Depreciation 

10 years SYD (Sum of Years Digits) 

Investment Tax Credit 

10% 

Federal Income Tax 

•46% 


The results, using various discounted cash flow (DCF) rates of return 
are as follows: 


DCF Rate 
(Percent) 

Silicon Product 

Cost ($/kg) 

Ist-Qtr 1979 dollars 

1975 dollar: 

10 

$ 7.97 

$6.08 

15 

8.88 

6.77 

20 

9.91 

7.56 

25 

11.07 

8.45 

30 

12.33 

9.41 


In all cases, working capital was assumed to be recovered at the end of 
the project life, and the plant was assumed to have no salvage value. 

If utility financing. .at 9% interest is assumed, the silicon product 
cost is $5. 76/kg in I ‘>75 dollars. The distribution of various cost elements 
m this product cost is given belowi 


Cost Item 

1975 dollars/kg 

Raw Materials 

$ 1.80 

Utilities 

0.65 

Manpower 

0.97 

Maintenance Materials 

0.21 

Analytical Charges 

0.03 

Consumables 

0.26 

Property Tax and Insurance 

0.08 

Period Costs 

0.07 

Home-Office Charges 

0.58 

Manufacturing Cost (excluding 
depreciation) 

4.66 

Depreciation 

0.47 

Capital Charges 

0.63 

Total Product Cost 

$ 5.76 


6.2 120 MT/YR COMMERCIAL PLANT ECONOMICS 

The 1-0 MT/lr commercial plant uses the same process as the 1000 MT/Yr 
plant. It also has the same flow rates as the EPSDU. (The on-stream factor 
differs, however; the on-stream factor of the 120 MT/Yr plant is 85% and 
the on-stream factor of the EPSDU is 70%. ) Consequently, the bases used 
for the economic analysis of the 120 MT/Yr commercial plant were quite 
similar to those used for the 1000 MT/Yr plant. 

Again, the analysis was based on the best available information as of 
January 1, 1979. On the basis of first-quarter 1979 dollars and the assumption 
of public or utility financing at 9% interest, the silicon product cost of the 
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120 MT/Yr plant was $24. 40/kg. 
assumed, this cost is equivalent 


If an inflation index 
to $18. 61 /kg in 1075 


of 7" pei’ 
dollars , 


year 


is 


The investment cost for the 120 MT/Yr commercial plant was obtained 
rom the 100 MT/Yr 0PS0U estimate, with certain changes in the instrumen- 
t ton, waste treatment, pyrolysis and product-consolidation areas, in 

“ ltl0 "' bulldln S s "ere used for offices and storage instead of trailers 
New equipment costs unique to the 120 MT/Yr plant were obtained using 
ven or assistance. The cost of each piece of equipment is given in 


Yearly operating costs, startup costs, and working capital require- 
ments were estimated similarly to those of the 1000 MT/Yr plant/ these costs 

utility f" ^ “ TabUS °' n ^ D ' IIL ASS “ lns 100% publlc b0 " d or 
estl^es nS ' Pr ° dUM C0S “ “ 6re °° mPUted “ the tb * Allowing 


Plant Capital Cost 

Construction Time 
Project Life 
Startup Cost 
Working Capital 
Yearly Operating Cost 
Depreciation 


$4,932,600 (3.4% invested in 1979, 
36.5% in 1980, 60.1% in 1981) 

2*5-3 years (including design time) 
15 years (1982 to 1997) 

$763,640 

$104,710 +11% of sales 
$1,861,960 + 10% of sales 
15 years, straight line 


The product costs obtained are as follows: 


Interest Rate 
(Percent'! 


ail icon P roduct Cost f$/ke'! 
Ist-iju .19/9 dollars 1975 TOars 


8 

9 

10 

11 

12 


$ 23.94 
24.40 
24.87 
25.35 
25.85 


$ 18.26 
18.61 
18.97 
19.34 
19.72 
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Assuming 100% private funds, the 
first-quarter 1979 dollars) were used 

Plant Capital Cost 

Construction Time 
Project Life 
Startup Costs 
Working Capital 
Yearly Operating Costs 
Depreciation 
Investment Tax Credit 
Federal Income Tax 


following estimates (in constant, 
to compute product costs: 

$4,932,600 (3.4% invested in 1979, 
36.5% in 1980, 60.1% in 1981) 

2^-3 years (including design time) 
15 years (1982-1997) 

$763,640 

$181,900 + 11% of sales 
$1,861,900 + 10% of sales 
10 years SYD 
10 % 

46% 


The results obtained using various discounted cash flow (DCF) rates of 
return are as follows: 


DCF Rate 
(Percent) 

Silicon Product 

Cost ($/kg) 

lst-Qtr 1979 dollars 

1975 dollars 

10 

$ 26.02 

$ 19.85 

15 

30.04 

22.92 

20 

34.63 

26.42 

25 

39.72 

30.30 

30 

45.46 

34.68 


In all cases, working capital was assumed to be recovered at the end 
of the project life and the plant was assumed to have no salvage value. 

If utility financing at 9% interest is assumed, the silicon product 
cost is $18. 61/kg in 1975 dollars. The distribution of various cost 
elements contributing to this product cost is given below: 
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Cost Item 


1975 do 1 lars/kg 


Raw Materials 

Utilities 

Manpower 

Maintenance Materials 
Analytical Charges 
Consumables 

Property Tax and Insurance 

Period Cost 

Home-Office Charge 

Manufacturing Cost (excluding 
depreciation) 

Depreciation 

Capital Charges 

Total Product Cost 


$ 1.99 


.89 


6.67 


.61 

.29 


.42 

.37 


.59 
1.86 
$ 13.69 


2.09 
2.83 
$ 18.61 


A comparison of these costs with the 1000 MT/Yr plant costs will show 
a small increase in raw materials, utilities and consumables on a P er-kg 
basis resulting from the economics of scale. The manpower requirement is 
slightly less (eight people) because the 120 MT/Yr plant uses fewer pyrolysis 
reactor/melter units. Analytical charges and period costs are the same on 
a total-dollar basis. Maintenance materials, property taxes, and insurance 

costs are- all a function of equipment costs. The home-office charge is 10% 
of sales. 
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SUCTION 7 

RHCOMMUNDKD FUTURE ACTION 

To expcdlto the commercial establishment of the silane-silicon process 
for producing quality po] /crystal line silicon, a number of activities have 
been proposed, as described below. 

7.1 SILANU PYROLYSIS/ CONSOLIDATION 

No major future improvements either in the configuration or the economics 
of the process that produces high-purity silane from metallurgical-grade 
silicon are expected since the process design is relatively mature. However, 
substantial improvement in the processes that convert the high-purity silane 
to poly- and single-crystalline silicon are expected. A concentrated Rf,D 
effort is needed in three areas to develop technology that is comparable -in 
maturity to the silane-producing technology. 

a. Free-Space Pyrolysis - Long term, steady-state tests in the 

existing PDU and supporting theoretical analysis are required to — 
establish scale-up parameters and determine optimum reactor geometry. 

b„ Mel ting/ Consolidation - This step is essential for converting 

frce-spacc reactor silicon powder into a form that can be handled 
and shipped without introducing contamination. The technology 
is sound and 3/4-inch rods were produced in an argon atmosphere. 

For the process to be efficient, the melter should be close- 
coupled with the pyrolysis reactor and 3-inch rods should be 
cast in a pyrolysis-released hydrogen atmosphere. 

c. Fluid-Bed Pyrolysis - Silicon particles produced in a fluid-bed 
arc automatically in a form that can be handled with a minimum of 
contamination. Because of the inherent advantages of the fluid 
bed, a sustained development effort is required to demonstrate 
technical practicality and obtain scale-up information so that 
this process can be- used as a backup or alternative to freei=._ 
space pyrolysis. 


future development should build upon recent om.lyticol work performed by 
•)Ph and UCC: Details regarding these silane pyrolysis investigations arc 
documented in lloglo, Rot’. J_8; Prnturi, Hsu, Lutwack, Ref. 1<); Praturi, 

Jaln * l,SU * Uof> & Roxor * Rof - Hi Kcxer, Ref. 22; and Timmel f, Rexer, 
Ref. 23. 


7.2 ANALYTICAL TECHNIQUES 

The silane process promises to deliver silane at a level of impurity 
several orders of magnitude below detection limits of currently available 
analytical instruments. Techniques must be developed to detect extremely 
low levels of impurities in silane. In the process design, the pure silane 
is homogeneously decomposed into hydrogen and submicron silicon powder, 
which is melted and converted to solid boules. Zone refining techniques 
should be-developed for evaluating the quality of this final product. 

7.3 VAPOR- LIQUID EQUILIBRIUM DATA 


The final distillation column, which fractionates silane to very high 
purity, is designed to separate -silane from diborane contaminant whose 
volatility is only slightly below the value for silane. To final design 
this column, accurately measured, silane-diborane and silane-phosphine 
vapor-liquid equilibrium data are needed. 


7.4 STC HYDROGENATION KINETICS 

Considerable experimental kinetic data are available for silicon 
tetrachloride hydrogenation. They have been correlated (Section 4.3.2) 
although the exceedingly complex mechanisms are not thoroughly under- 
stood. Copper and metallic contaminants in the metallurgical silicon 
feed are all believed to catalyze the rate at which the chlorosilanes in 
the reactor product-mix reach equilibrium. Some experiments have suggested 
that the addition of copper catalyst to the reactive mass hardly increases 
reaction rate. It is suspected that contaminant metals in the feed 
silicon may have catalyzed the reaction rate in those tests, masking the 
effect of the copper. To isolate the catalytic effect of copper, kinetic 
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experiments should be conducted with crushed semiconductor-grade, poly- 
silicon powder (which is contaminant free) both with and without a copper 
catalyst, In addition, kinotic data are desirable at the 500-psig, process 
operating pressure to supplement the 200-psig data currently available. 

7.5 WASTE DISPOSAL BURNERS 

A system of three burners is provided in the process design to flame 
oxidize all liquid and gaseous waste. The combustion equipment will be 
similar to that used by the fumed-silica industry. Some burner design 
modification and testing are needed to ensure proper burner operation on 
feeds differing from current commercial practice. 

7.6 EXPERIMENTAL PROCESS SYSTEM DEVELOPMENT UNIT (EPSDU) 

A sufficient data base is in hand to permit the design, assembly, and 
operation of "a 100 MT/Yr EPSDU to demonstrate all technical and economic 
aspects of the silane-silicon process. The facility should also be used to 
amplify and refine the design data base for a large, commercial project. 
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Scanning electron microscope 
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Inlet temperature (°K) 
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APPENDIX A 


SUMMARY or HIE STATEMENT OP WORK AND THE CONTRACT DELIVERABLES 


Union Carbide Corporation performed Phases I and II of the total program 
under JPL/DOE Contract No. 954334. Work performed during Phase I, which was 
started in October 1975 and completed in January 1979, sought to demonstrate 

(1) the practicality of a high-volume, low-cost silane production process, 
including the subsequent pyrolysis of silane to semiconductor-grade silicon; 
and (2) the feasibility of high-frequency, capacitive heating of a fluidized 
bed of silicon particles to the silane pyrolysis temperature. 

Work performed during Phase II, which commenced in October 1977 and 
ended in March 1979, aimed to provide: (1) a unified, integrated process 

design for producing high-quality, semiconductor-grade silicon from metal- 
lurgical silicon by assembling a diverse corporate silicon technology base; 

(2) a preliminary, or if possible, a comprehensive design of an Experimental 
Process System Development Unit (EPSDU) capable of producing 100 MT/Yr of 
silicon; and (3) an economic analysis of estimated product price for a high- 
volume, 1000 MT/Yr plant. The overall goal of the program was to develop 
technology for producing semi conductor- grade silicon at or below the silicon 
material task goal of $10 per kilogram (1975 dollars). 


Ihe contract technical deliverables and delivery dates were as follows: 


To chn real Deli v c r a b 1 e s 

Dato-of Delivery 

Phases I $ II 


Monthly Technical Reports 

Monthly 

Quarterly Technical Reports 

Quarterly 

Pinal Technical Report 

March 31, 1979 

Phase T : 


Laboratory Notes, as required by 
para, (a)(5) 

Monthly 

Progress sample, as required by 
para, (a) (4) (A) 

Silane shipped to Parma 11/22/77, 
2.1 kg 


IIPR-626-1-5 powder shipped to JPI. 
4/19/”", 10 gms. 


A-2 




m 


Progress sample, as required by 
para, (a) (41 (A) (continued) 


High-purity silane sample, as 
required by para (a) (4) (B) 

Frce-spuce reactor sample, as 
required by para, (a) (4)(C) 


Fluid-bed reactor sample as 
required by para, (a) (4) (D) 

Production sample, as required 
by para,, (a) (4) (R) 


Other samples delivered 


HPR-626- J -24-1 powder shipped to .TIM, 
2/14/78, 10 gms . 

IIPR-616-1-24-2 powder shipped to ,TPI, 
2/14/78, 10 gms. 

HPR-626- 1-24-3 powder shipped to .TIM, 
2/14/78, 10 gms. 

IIPR-626-6-27-1 powder shipped to JIM, 
2/14/78, 10 gms., 

MR-626- 8- 16- 2 melt shipped to JPI, 
2/14/78, 10 gms. 

MR-626-8-19B-3 melt shipped to JPI, 
2/14/78, 10 gms , * ' 

MR-626-8- 19A-4 melt shipped to JPL 
2/14/78, 10 gms. 


MP-626-8-40S melt shipped to JPL 
6/14/78, 10 gms. 

Silane shipped to JPL 7/19/77, 1„1 kg 
Silane shipped to JPL 7/1978, 3.2 kg' 

HPR-626- 11-86 powder shipped to JPL 
1/16/79, 5086 gms. 

HPR-626- 11- 87 powder shipped to JPL 
1/16/79, 550 gms. 

(See note) 


MR-626-12-9, powder shipped to 
Crysteco for crystal pull, 2800 gms., 
crystal shipped to JPL, 3/23/79 
2500 gms. ’ 

HPR-626- 10-61 powder shipped to JPL 
8/29/78, 200 gms. 

Sample shipped to JPL, 8/17/77, 500 gm 

Powder shipped to Tarrytown (Analysis') 
11/ 2/77-, 400 gms, (4 samples) 

Powder shipped to Tarrytown (Analysis) 
11/3/77 ,100 gms. 


Melt shipped to Tarrvtown (Analysis) 
12/ 2/77, 200 gms. 


Other samples delivered 
(continued) 

Sample to Siitec 6/13/78, 300 gms. 

Sample to Linde (Tya) 7/13/78, 2723 gms. 
Sample to Linde (Tya) 10/3/78, 8000 gms. 
Sample to Bepex 10/19/78, 300 gms. 

Phase TI: 


Scale Model of a 1000 MT/Yr 
Commercial Plant, as required 
by para, (c)(2)(h) 

March 31, 1978 

One copy of optimized designs, 
as required by para. (a)(1)(B) 

March 1979 
(see note) 

One copy of list of equipment 
and materials direct ly purchas- 
able, as required by para, 
(a)(2)(B) 

April 28, 1978 (25 MT/Yr) 
March 1979 (100 MT/Yr) 

One copy of detailed flow sheet, 
as required by para. (a)(2)(A) 

April 28, 1978 (25 MT/Yr) 
March 1979 (100 MT/Yr) 

One copy of preliminary plant 
and equipment design, as 
required by para. (a)(2)(D) 

April 28, 1978 (25 MT/Yr) 
March 1979 (100 MT./Yr) 

One copy of the estimates, over- 
view estimates, integrated design, 
and overall evaluation and recom- 
mendation as required by 
parn (a). (3) 

January 1979 (1000 MT/Yr) 

March 1979 (120 MT/Yr and 1000 MT/Yr) 

NOTH: Fluid-bod pyrolysis is not developed sufficiently to be able to design 

an optimum system at this time. Instead of. an optimum design, a report 

was issued on June 12, 1978 titled 

"Technical Assessment of Silane 

Pyrolysis in Fluidized Bed Reactor". 
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APPENDIX B 


CRITICAL PROPERTIES, VAPOR PRESSURE, ENTHALPY AND LATENT HEAT CONSTANTS 


CONTENTS OF APPENDIX B 


Section No. 

Section Title 
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B-l 
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Vapor-pressure Constants 

B-4 

B- III 

Vapor Enthalpy 

B-5 

R-IV 

Liquid Enthalpy 
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B. 1 INTROPUCTION 


A reliable and consistent set of data were needed to perform a heat 
and mass balance evaluation of the overall UCC silane process. This in- 
cluded such data as the thermodynamic and physical properties of the 
chlorosi lanes and other trace impurity components. These data were 
acquired through an extensive search of the open literature and in-house 
UCC research information, When experimental data were found to be missing, 
the best available estimation procedures were employed (Reid, ct al., Ref. 24), 
These data were stored in a computer data bank for use whenever calculation 
of a certain property was required. A list of chlorosilane critical pro- 
perties, vapor pressures, and vapor and liquid enthalpies are given in 
Tables B-I, B-II, B-III, and B-IV. 

The heat of vaporisation (All^) was determined by the use of the Clausius- 
Clapeyron equation in the following form: 


dlnP 

■* 14 ) 



(B-l) 


The left-hand side of equation B-l was calculated from the extended vapor’ 
pressure equation (Table B-II) and AZ, where AZ-— is the difference between vapor 
and- liquid compressibilities, was determined by an equation of state. The values 
ol Il v were then found as a function of temperature up to the critical point. The 
factor N in the Watson correlation, which gave the best fit for AH., was then 
established: 


All 


V 


All 


ref 




(B-2) 


The N factors are listed in Table B-IV. 
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Some estimates of the reliability of these physical properties can 
he made. For example, critical properties and vapor pressures play an 
important role in K-value calculations (Section 4.4. 1.1). Using the 
critical property and vapor-pressure values given in Tables B-I and B-II 
resulted in good agreement between experimental and calculated vapor- 
liquid equilibria data. Replacing these critical constants with those 
given by Lapidus, et al. (Ref. 25) did not give good agreement. This is 
an indication of the good reliability of the critical constants presented 
here. Also, the critical constants presented by Lapidus were not con- 
sistent with the vapor-pressure data. 

The data presented in Tables B-I through B-IV are the best avail- 
able information at the present time and should be used in all process 
calculations. As new information becomes available, it will be evaluated 
and added to the present data bank. 
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TABU-: B-I 

CRTTICAI. PROPERTIES 



Mo 1 ecul al- 
ly eight 

Cri t i c.a 1 
Pressure 
Atm 

Critical 
Temp 
... °C - 

Criti cal 
Compress ibi Tty 
Zc 

Cri tiea 1 
„Vol — 
cm" /mole 

Pi tzer 
Accent ri c 
E actor 

Sill j 

S3. 118 

48.00 

-3.5 

0.2870 

132.8 

0.0779 

II S1C1 

60. 563 

47.80 

123.5 

0.2560 

174.0 . 

0.1311 

II^SiCL, 

101.008 

44.40 

176.3 

0.2540 

211.0 

0.1648 

IlSiCl^ 

135.453 

40.60 

206.0 

0.2720 

263.0- 

0.1955 

SiCl 4 

169 . 898 

37.10 

233.8 

0.2910 

325.3 

0 . 2608 


TABU: B -II 

VAPOR- PRESSURE CONSTANTS 



A 

B 

C 

n 

Sili 4 

- 6.019421 

1230.5392 

2.881096 

-0.006200 

H^SiCl 

140.3534 

5854.5360 

-22.80334 

0.03708 

11 S i C 1 _ 

41.7391 

4338.0828 

- 4.766268 

0.001821 

2 2 
USiCl ^ 

115.4560 

6582.2481 

-17.57251 

0.021 79 

Sid 4 

110.0035 

6712.7225 

-16. 65031 

0.02082 


In P = A - y +Cj nT+DT 


P = atm 
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TAB LB B-III 
VAPOR P.NTIIALPY 



11 

: o 

A 

BxlO 2 

CxlO 5 

CxlO 5 

Sill 

- LOOP , 8755 

14.1607 

-1.1718 

8.149 

-12.09 

ILSiCl 

- 436. 2d 37 

10.6544 

1.326 

2.546 

- 3.993 

n,su:i , 

- 212,421'' 

11.3693 

3.173 

-1.568 

3.847 

IlSiCl. 

A 

822.5430 

16.4255 

3.821 

-3.343 

2.099 

Si Cl , 

4 

1780.4147 

17.9695 

6.837 

-11.47 

11.81 

H 

V 

= 11 +at+bt 2 +ct* 
0 

? 4 5 

+DT +0T 




T = 

°K 





H 

V 

= BTU/Lb-molc 


TABLE B-IV 






LIQUID ENTHALPY 





,.ref( K) 

AH ref (BTU/Lb-mole) 



s.ii-i 4 

188.90 

4703.01 

0.313921 



ILSiCI 

277.66 

7921.16 

0.344535 



H 0 SiCl 2 

314.60 

9770.96 

0.455516 



IlSiCl 

335.41 

10468.96 

0.391462 



SiCl . 
4 

354.90 

11449.94 

0.338927 



5. 808 ('10 ) 

1 ,914 no" 1 1 j 
-1.687(10" 15 ) 
-6.812(10 -12 ) 
-5, 260(1 d” 1 ! ) 


“ 11 -All - 
v ref 


T -T , 
c ref 


H| ( = Liquid enthalpy, BTU/Lb-molc 

l\r = Vapor enthalpy, B'm/Lb-mole (Sec Table B-III) 

T = Critical ■temperature, °K 
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C-XIII 

C-XIV 

c-xv 

C-XVI 

C-XVII 


1000 M T/VR COMMERCIAL I'M. ANT (ISSU E 1) 


sncTioNS or ; appendix c 


Title 

1000 MT/YR Commercial Plant Stream Summary (Issue 1) 

1000 MT/YR Commercial Plant Stream Catalog (Issue 1) 

1000 MT/YR Commercial Plant Physical Properties for 
Process Streams (Issue 1) 

Equipment List, 1000 MT/Yr Commercial Plant 
Equipment Specification, Hydrogenation Reactor 
Equipment Specification, Stripper Column 
Equipment. Specification, TCS Column 
Equipment Specification, DCS Column 
Equipment Specification, Silane Column 
Equipment Specification, TCS Redistribution Reactor 
Equipment Specification, DCS Redistribution Reactor 
Equipment Specification, Pyrolysis Reactor 
Elements of Plant Capital Cost, 1000 MT/YR 
Elements of Annual Operating Cost, 1000 MT/YR 
Manpower Staffing, 1000 MT/YR 
Elements of Start-up Cost, 1000 MT/YP. 

Elements of Working Capital, 1000 MT/Yr 


Page 
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C - 28 
C - 29 
C - 30 
C - 31 
C - 32 
C - 33 
C - 34 
C - 35 
C - 36 
C - 37 
C - 39 
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TARI.R C-I : 


JOOO WT/YR COMMERCIAL PLANT 
■STRI-AM SUMMARY (JSSUH 1 ) 


STREAM NO 


I NT * NO, 


100 
101 
10 ? 
to* 
1 OS 
10b 
1 0 T 
10 « 

109 

110 
111 
112 
113 
II* 

115 

116 
IP 
lift 

119 

120 
121 
122 
123 
12 * 

125 

126 

127 

128 
129 

131 

132 

133 
13 * 

135 

136 

137 
200 
201 
202 
203 
20 * 


2 

5 

6 
7 
S 
9 

10 

11 

12 

13 

1 * 

15 

15 

P 

18 

19 

20 
' 21 

22 

23 

2* 

25 

26 

27 

28 
100 
168 
?"0 
171 
10 * 
169 
181 
183 
2*2 

29 

30 

31 

32 

33 


205 

3* 

206 

35 

207 

36 

208 

37 

209 

38 

210 

39 

211 

*0 

212 

*1 

213 

*2 

21* 

*3 

215 

** 

216 

*5 

217 

*6 

218 

*7 

219 

*8 

220 

*9 

221 

50 

222 

51 

223 

52 

22* 

53 

225 

5* 

226 

55 

227 

56 

230 

59 

231 

60 

232 

61 

233 

62 

23* 

63 

235 

6* 

236 

65 

237 

66 

238 

la* 

239 

197 

2*0 

179 

2*2 

185 

2*3 

186 

300 

67 

301 

68 

303 

70 

307 

7* 

308 

75 

311 

178 

312 

182 

313 

57 

31* 

58 

*00 

76 

*01 

77 

*02 

78 

*0 3 

79 

*0* 

80 


DESCRIPTION 


"t i ai.luwuh.al ADt SILICON POhOM FEED 
COPPER CATALYST FEED 
make-up STC 

FlUlOUATlON H? TO *21-02 
PRESSiiRI/AT ION M2 TO HOPPER *21-02 
ATMOSPHERIC VENT PROM CYCLONE *17-02 
FEEO TO HYDROGENATION REACTOR *25-02 
PRODUCT FROM REACTOR *25-02 
COOlEO RECY* TO STC STORAGE TANK *21-U 
QUENCHED STC/TCS TO SETTLER *21-0* 
RECTCuE STC/TCS QUENCH STREAM 
KASTE CHLORIDE SAlTS FROM SETTLER 
SAT, VAPOR H2/TCS/STC TO COnO, *2*-02 
SAT, LIQ. H2/TCS/STC QUENCH RECVR *21-08 
sat. liq. tcs/stc to quench pump *26-o* 
LIQUIO RECYCLE TO SETTLER *21-0* 

QUENCH STREAM TO CONDENSER *2*-02 
H2 VAPOR FROM 421-08 RECEIVER 
TCS/STC LIQ. PROO, TO CRUDE TANK *21-10 
«2 FEED TO COMPRESSOR *23-02*03 
COHPRESSEO m2 TO M2 HEATER *29-08 

superheated h? to reactor *25-02 

SUPERHEATED STC TO REACTOR *25-02 
SAT, VAPOR STC FROM VAPOR I2ER *2*-0* 
CRUOE TCS/STC TO SECTION 2 
CRUOE TCS/STC TO FILTER *27-02 
STC FROM STC STORAGE TANK *21-12 
STC TO STC VAPORIZER *2*-0* 

liquio tcs/stc to quench pump *26-02,03 

TRANSPORT AIR TO FILTER *17-02 
RECYCLE STC PURGE STREAM FROM *24-0* 

AIR TO RECTCLE HYDROGEN HEATER *29-08 

ATMOS, VENT FROM RECYCLE HEATER *29-08 

AIR TO RECYCLE STC NEATER *29-06 

ATMOS. VENT FROM RECYCLE STC HTR, *29-06 

ATMOSPHERIC VENT FROM *29-06,08 

STC BOTTOMS PROO, TO STORAGE TANK *21-12 

*32-02 STRIPPER BOTTOMS PRODUCT 

*32-02 STRP. BTMS, VAP, FROM RES, *3*.Q« 

*32-02 0 V HD PRODUCT 

*32-02 CONDENSED OVMD PRODUCT 

*32-02 STRIPPER REFLUX 

*32-02 STRIP, BTMS, TO TCS/STC COLUMN 

*32-0* BOTTOMS PRODUCT 

*32-0* BTMS, VAPOR FROM REBOIlER *J*-Q6 

*32-0* OVHO PRODUCT 

TOTAL *32-0* CONDENSED OVHQ PROOUCt 

PRESSUR I ZEO *32-02 PRODUCT 

*32-06 TCS/STC PROOUCT TO *32-0* 

*32-0* REFLUX 

TCS FEEO TO OCS/TCS COLUMN *32-8* 

COOLED TCS FEED TO REDIS, REACTOR *35-02 

COOLED TCS BOTTOMS FROM *34-12 

*32-06 8OTT0MS PRODUCT 

*32-06 BOTTOMS VAPOR FROM REBOIlER 

*32-06 OVHO PROOUCT 

♦32-06 REFLUX 

*32-06 CONOENSEO OVHO PRODUCT 
PRESSUR 1 2ED *32-06 OVHO PRODUCT 
COOLEO OCS FEED TO REACTOR *35-0* 

MCS/SlM* PROOUCT TO COLUMN *32-08 

*32-08 BOTTOMS RECYCLE 

*32-08 BOTTOMS VAPOR 

TOTAL PROO. SILANE TR0M CONO. *3*-U 

*32-08 VAPOR OVHO TO CONDENSER 

LIQ. SIH* TO LIQ, STOR, *3 1 -0* * 06 * 08 * 1 0 

*32-08 REFLUX 

VAPOR 1 2EO SIM* TO SUPERHEATER *3*-22 

SUPERHEATED SIH* TO FILTER *37-02*03 

FILTERED SUPERHTD, SIH* TO SECTION 3 

♦32-06 tOTAL BOTTOMS PROOUCT 

TCS RECYCLE FROM *3*-12 TO STC REC. 5TR, 

♦32-0* BOTTOMS PRODUCT 

♦32*08 BOTTOMS PRODUCT 

*32-08 PURGE SILANE TO *32-02 

*32-08 BOTTOMS TO REBOIlER *3*-20 

♦32-08 80TT0MS VAPOR TO *32-08 

THROT, SIH* FEED TO PTROL. REACT, **5-02 

SI PQwDER * H2 TO HOPPER **1-02 

SI PC/OER TO MELTER 4*9-0*. 06*08 

TOTAL si melted product 

TOTAL SECT, 3 SI POxQE R LOSS 

M2 FROM PTHOLTSIS REACTOR TO ***-02 

COOLEO PYROL. H2 TO COMPRESSOR **3-02.0* 

COMPRESSED REC. H2 TO HtOROGENAT I ON 

MAKE-UP m2 FROM STORAGE 

ATMOS. VENT FROM COMBOS* VtNT MEAOER 

COMBUSTION AIR TO BURNER *59-08 

COMBUSTION AIR TO BURNER *59-10 

combustion quench air to burner *59-10 
TOTAL VAPOR FEEO TO PRE-MIX BURN. *59-10 


T,F. 

R»P5U 

L2Q.fr. 


• »•••• 


75,0 

15,0 

0.0 

75,0 

15,0 

1*0 

75,0 

20,0 

i.oooe 

150,0 

516,7 

0.0 

150,0 

516,7 

0.0 

75.0 

1**7 

0.0 

932,0 

516,7 

0.1 

932.0 

51*. 7 

9*0 

120,0 

5* « 0 

1.0099 

375,0 

513,7 

0.5809 

356,0 

3 74,7 

1.9000 

356,0 

512.7 

1.0009 

356,0 

512,7 

0.0 

100,0 

511.7 

0.5000 

100,0 

513,7 

1*0000 

100,0 

513,7 

1.0000 

100,0 

572,7 

1.9000 

100/0 

510,7 

0.0 

100,0 

510.7 

1.0000 

100.0 

510.7 

0.9 

100*0 

521,7 

0.0 

961,0 

516,7 

0.0 

961.0 

516,7 

0.0 

*♦3.0 

521.7 

e.o 

100,0 

95.0 

1.0000 

100,0 

100.0 

1.0000 

75,0 

30,0 

1.0000 

75,0 

526,7 

1.0000 

356,0 

512.7 

1*9000 

77,0 

1**9 

1.0 

**3,0 

526.7 

1*0000 

77.0 

1 *.J 

9.0 

1500,0 

16,0 

9.0 

75,0 

14.7 

9*0 

1000.0 

15,0 

0.0 

1000,0 

15,0 

9.0 

218.0 

55.0 

1.9000 

2*0,0 

9*,6 

1.0000 

2**.0 

95,0 

e.o 

1*0,0 

90,* 

9.0 

-21.0 

19,* 

1.0000 

-21,0 

95,0 

1.0000 

2*4,0 

91,0 

1.0000 

21*,0 

5*,8 

1.0000 

218. 0 

55.0 

0.0 

159,0 

50,2 

0.0 

152,* 

♦ 9,2 

1.0000 

152,* 

320,0 

1.0000 

158,0 

l*,0 

1.0080 

152,* 

55,0 

1.0000 

152,* 

320,0 

1.9000 

158,0 

85,0 

1.0000 

158,0 

85.0 

1.0000 

327,0 

319.9 

1.0000 

327,5 

320,0 

0.0 

257.3 

315,1 

0,0 

2*9,8 

—320.0 

1.0000 

2*9.8 

31*. 0 

1.0000 

2*9.8 

550,0 

1.0000 

122,0 

5*9,0 

1.0000 

122,0 

5*8,0 

1.0000 

267,0 

360,0 

1.0000 

267,0 

. 360.0 

1.0000 

-25,7 

35*. 0 

0.0 

• 25,7 

355,1 

0.9 

-25.7 

35*.l 

1.0000 

*25,7 

360,0 

1.0000 

-25,7 

374,1 

0.0 

W6.0 

37* , 1 

0.0 

126.0 

60,0 

0.0 

327.5 

320.0 

1.0000 

158,0 

65.0 

1.0000 

218,0 

55.0 

1.0000 

267,0 

360.0 

1.0000 

*25.7 

354.1 

0.0 

267,0 

360.0 

1.0000 

267,0 

360,0 

0.0 

77,0 

25,0 

0.0 

1562,0 

20,0 

0,0 

1120,0 

20,0 

0.0 

2600,0 

20,0 

0.0 

1120,0 

20.0 

0.0 

1562,0 

20,0 

O.o 

100,0 

15.8 

e.o 

300,0 

350.0 

0*0 

77,0 

50,0 

0.0 

100,0 

16.0 

0.0 

77,0 

1*.7 

0.0 

77,0 

1*.7 

0.0 

77,0 

14.7 

0.0 

300,0 

15.0 

0.0 
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TAM. I- C-I 
loomj mu'll ) 


‘'rr/YR COMMMRCIAI. PLANT 
■ • ! K'l AM . >1 iMMARY (TSSIII: |) 


i'l M <M*'t Ms 


405 

81 

40ft 

«,< 

♦ 07 

8.1 

409 

84 

409 

86 

410 

86 

*11 

8 7 

*12 

8H 

4 1 \ 

89 

*14 

90 

*15 

91 

* 16 

92 

417 

93 

4 18 

94 

4 I 9 

95 

4 2 0 

9ft 

421 

97 

4 2? 

96 

*23 

99 

4 26 

216 

426 

??l 


435 

111 

436 

11? 

437 

113 

* 3H 

1 1 4 

439 

lib 

440 

lift 

441 

117 

442 

116 

44 3 

119 

444 

120 

445 

121 

446 

122 

*4 7 

123 

*48 

124 

*49 

125 

♦ SO 

12ft 

♦ 51 

127 

*52 

128 

♦ S3 

129 

*54 

130 


uiijncm AH ro uj, lNfH 4SV „ 0 
UWUIH iMlRNjR 4SV-U I II n 
UJOji. WASTE , RUM l ATl'H UN* *',l.nh 
COMHIIHTJON JUENCM ah to HiJHNf 9 u 
C OMtlUS T ION A|« TO TUK if H "s«.|« '' '* 

MHOSPmIHI, VTNl THim TIM ,s 

f LWI OAS FROM HURNf R ~*S9. j * 

M U) (US M4|iM MuWNE H ^«.|n 
M.U) t* A S rn()H 4ss. 0ft 

COliLfO UUt nA!» SIN, to f'U tt u 
JOTAl. Hut l* AS TO AiiiitON) Na TON 
HAS VIST MOM CVClONt 4»TT-« " ' “ 

MLTMlU >LUl II AS TO I KIM SSI.OH 
SILICA mOM r, LT m ^s T !o^ 08 

1?^ MlKa from riLttRS SST.OfttOO 
SILICA FROM FILTER r t57«08 
SILICA TO DUST HlN ASHOfi 
SILICA TO PRO* PAfSFR 4Nfl„n 4 
RECYCLE TO SILICA VENTURI 4S9-0? 

fi| L r??t T | T0 MUC * neutralize# AM-10 
RI CYLU «2U FROM PUMP 45ft-0ft.Q? 

HANt-UP WATER AND 459-02 HOTTOMS 
HOTTONS FROM VENT UR J *59.« 

Hy H ■ at l' T ^ s r o* , wi*nc Sf.im.1. *„. 04 

M UR I A r | C SCRUOHLW *59-04 EULljMuT 

st»hno morumc Arm product 

i at i c ini' 

SSs^Sf « ’ScJS 

N UR I A T I C ACID PRODUCT TO TANA tsi 1* 

'-on .lo 

ST » lpi?i - J - S . T ° ™ LlN ° COLUMN AS ?. 0? 

S T W I P°f 0 it A S FROM TAUlNO COLUMN 

•MA muriatic acio ^Roi ?ank am- 4 ? ’ 0? 
viatic agio product 1 

1[!?L T ? *! LIC * NI uT R Al I Zf R AMMO 

MASTt SlL'aHiL TO D|5P0SA k 

WASTE WATER TO ;.»ISPi).iAw 

*LUt GAS TO SUICA VtNTuRI 459-02 

ATMOS. VENT »ROM NON-COMHJSri HrlnFM 

upon m L a\ SM *° W MK1M Ta ^ is -!J 

0fr **NK ASH 06 

CiOLlNr. «A Ur to s t C COOLER u «.?4 

rn' L M ’ 4 ' ^ ‘ , Tl> Jhinch rov;i. 

COOL 1 Nc* WATER To CONDENSE R 434-08 

cool l no water to cooler oa!?? 

COOLINO WATER TO CONDENSER 434-1? 

S0 * Ar ** ™ COOLER A3*M6 
COOLINO WATER TO WELTER 449-04.06,00 
COOL. NATfR TO MAM. UP TO VENTURI 4RN-0? 
COOL. MR. TO P r R 0 , R t r T , C0Mp * ^ 

COOL, WATER TO RECY. H? COOlER 44?-^?*°* 

rnn L * "!I!‘ T ° *°* Mnc 4C1D C0OL, ? A54.02 
UOl. MR. TO HAM-UP TO SCRUB. 4S9-06 
COLV. WTM, TO PROP. POW.STDR hup'*.,®.. 
COOLINO wATER HEADER «OP 4*1-0? 

COOLINO WATFR RfT. from STC COOL. 41* ?* 
COOLINO WATER RET. FROM STC COOLER 
COOLINO WATER RET. FROM CONo' OaIoa 
COOLING WATER HU, FROM COOLER 434-M 
COOLINO WATER RET. FROM CONQ 
COOLINO WATER RET, FROM COOLER 434.1* 

COOL. WATER RET. from MELT. 449.^ i* «- 
COOL, WATER FROM pyro L . COMP. 43^0?^ 

Cool, water from recy h? r-mi °?*o* 

COOL. HATCH .HO, ,'„ C ‘E**” 

COOL, hatch .HO, PHOO HoipcH Jm.JJ* * 
cool I vr, hatch hctmhn hcaoch 

NA T IIH aI °I. S 1° ‘' ,CT ‘ *a»-08 

NATIMAL l «4S TO WASTE H.NNfR 4^9. 0ft 

NaT| L |'ha. L f ’* b T ° M5U rt ^”»NER 4SV.?J 

NATURAL OAS Lu * Wimst '* 4 ' 39 * 14 

p lant ah header 

IVlI's S< ’ 70 M * i; * SILICON HOPPER 4 ? 1 - 0 1 5 

N? PAD ON Stf STORAGE TANS 1 °* 

N.J TO WASTE tliNN U 

Nr PAO ON OR.im: STC TANS 421.J0 

N^ PA^M 1° * ASTf ntR NFR 4 \r. oa 
N, PAD TO SUROf UNS *M«04 

N? PUROF TO CATCH TANS 4NI-0A 
NIT ROC, IN HE A 01 R * °* 

*HuON TO M tLT!l , 4-4 9-04. D6, 08 
ARI.ON TO SILICON HOPPER 441-0? 

A R 11 UN h | AOi R C 

REF, URINE T ON.HNSfR 4U-1A 

«'♦ .""IH ' ••'V.STH 


T ,7 , 

Hi PM A 

iiu.nf. 

77,0 

14,7 

fl . 0 

36 0,0 
360,0 
77,0 
77,0 

54.7 

ft* , 7 

14.7 

14.7 

"in 

1.0000 

1.0000 

0,0 

350.0 

14.7 

0 # 0 

800,0 

14,3 

0 $ 0 

800,0 

800,0 

1 * . 3 
1 * » 3 

0,0 

0 , 0 

250,0 

15,0 

0,0 

300.0 

800.0 

13,1) 

14,0 

0,0 

0,0 

800,0 

14,2 

O A 

300,0 

1 J,H 

w , y 

0,0 

100,0 

U.7 

0,0 

10 0,0 
1 00,0 

14.7 

14.7 

0.0 

6.0 


900.0 

100.0 

105.0 
105,0 

105.0 

105.0 

105.0 

105.0 
‘55,0 
105.0 

105.0 

105.0 
105,0 
105, 0 
105,0 
105,0 
105,0 
105,0* 

105.0 
1 05 , u 
1 05,0 

105.0 

105.0 
TT .9 
77.0 
77.0 

77.0 - 

300.0 

100.0 

350.0 

Jso , 0 

85.0 

85.0 

85.0 

85.0 
«5,o 

85.0 
85,0 
85,0 
85,0 
85,0 
85,0 
85,0 

85.0 

85.0 
100.0 
100.0 
100,0 
100,0 

100.0 
100,0 
100,0 

100.0 
100,0 

100.0 

100,0 

100.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

77.0 

77.0 

77.0 

77.0 

77.0 

77.0 

77.0 


REF, URINE 
w l F R I Gt RANT 
URINE RET. 
HR INI R| i , 
MR INI. Rr T 4 
Rf F R |i,f RANT 
CUi . 1 ) if A 1 1 


*•<'5 4 11*04 *06* 0A*|0 

4 ) 4 -U 

"• >, 4 U - 0 .* 

** • t URN >U ADEN 
,J v T.l VAP. 4 ? 4 - 04 


U,7 

H,7 

4?,0 

42,0 

42.0 
12,2 
12,2 
12,2 

12.0 
12.0 

14.7 
12.0 
12,0 
12,0 

59.0 

59. 0 
1 1.7 

11.7 

14.7 

14.8 
11.7 
11.6 

11.7 

59.0 
14, T 
14, 1 

14.7 

13.6 

15.0 

54.7 

64.7 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 

75.0 
75.0 

75.0 

75.0 

65.0 

65.0 

65.0 

65.0 

65.0 

65.0 

65.0 

65.0 

65.0 
65.0 
65.0 

65.0 

15.0 

15.0 

15.0 

15.0 
15.0 
94, 7 

160.0 
160,0 
160,0 
160,0 
160.0 
160.0 
160.0 
160.0 
160,0 
160,0 
160.0 
74.7 
74, 7 
74 , r 

74.7 

64.7 
64,7 


TABU! C-I: 
(continued) 


1000 MT/YR COMMIiRClAL PLANT 
STREAM SUMMARY (I SSUE 1) 


ST RE AH NO 


IS 01 

lsoa 

1 fl 0 3 

1804 

1805 

1899 

1900 

1901 

1902 

1903 

1904 

1905 
1 999 
2000 
2001 
2002 

2003 

2004 

2099 

2100 

2199 

2200 

2299 

2300 

2399 

2400 
240 1 

2402 

2403 

2404 

2405 

2499 

2500 

2501 

2502 

2599 

2600 
2601 
2603’ 
2699 


int. NO. 


210 

211 

212 

213 

214 

160 

216 

217 

218 

219 

220 
221 
161 
222 

223 

224 

225 

226 
160 
228 

190 

229 

191 

230 

192 

231 

232 

233 

234 

235 

236 

193 

237 

238 
145 

194 

239 

240 

241 

195 


description 


CO^S ^ TrJnIper OIL TO RE80* ill'll 
COLO HEAT TRANSFER -OIL TO REflO 

assi;s5K'i?» I gK^a 

aSlitSiiSgp 

si 

HF 4 T ro^f* 0,L T0 V^O*. 42 *. OA 

HE^T T^«f* ° 1L T0 R£0 OIL£R 434-0* 

: i IP' Sit t t o° KKJtK :&?* 

SpKS RS v1h N T TS he T a°oe T R ANK 

cohb5stibi!e T SeS? M heaoe2! T FIlT£h 557 " 04 

SSS55RK »s -« 

8 S2S from ° 0 , M1 

N? PURGE FROM TANK 421-fn 
N2 PURGE FROM 4 2 , 2 o‘ * e- 

MSt1%?r URG T E 0 T “ ° £ « £ P A0ER 

PRE-MI* T burneRmEAOER 8URNER 459 *‘ # 

CONOEN. N REC* ^Ol-oE^VENT ?X" NW * 5 ’-° 8 
H? RECYCLE PURGE ° 2 VEST 70 " ASTE M£ RO£R 

burner heaoer 

“"i.KK? r T S<,S"Sg; c ™;« "•*»>« 

CONDENSED VENTS to°SURG£ TANK^If J 21 * 10 
CONDENSED VENTS HEADER * 451 "° 4 


T.F. 

320,0 

320,0 

320,0 

320,0 

320,0 

320.0 

286.0 
286,0 

251.0 

365.0 

308.0 

320.0 

320.0 

697.0 

697.0 
*97,0 
*97,0 

497.0 

497.0 

100.0 
100,0 
100,0 
100,0 
100,0 
100,0 
100,0 
100,0 
100.0 
100,0 
100,0 
100,0 
100,0 
100,0 
•21.0 
100*0 
100.0 
100,0 
100.0 
100,0 
100,0 


P*PSU 

•••«#• 

30.0 

30.0 

30.0 

30.0 

30.0 

30.0 
20*0 
20*0 
20*0 
20*0 

20.0 
20*0 
20.0 
30*0 
30*0 
30.0 
30*0 
30*0 

30.0 
20*0 

20.0 
20.0 
20.0 
20.0 
20*0 
20.0 
20.0 
20,0 
20.0 
20.0 
20.0 
20*0 
20.0 

90.0 
510.7 

20.0 
70.0 
70.0 
70.0 
70. CT 


LIO.PR, 


1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

0.0 

0.0 

0.0 

0.0 

o.o 

0,0 

0.0 

0,0 

0.0 

O.o 

o.o 

0.0 

0,0 

0,0 

0.0 

0.0 

o.o 

1.0000 

1.0000 

1.0000 

1.0000 


•WGINAL PAQ8 IS 
w POOR QUALITY 


C-4 


TABLE C-II: 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOC (ISSUE 1) 


5 1 NlJHlJl J 

*’9» S‘*I i-t I ! A 

tf a * i , rtf,-, r 

i I on |n n/cT|os 
( NtMAi.it « SWr** ff MM,»trii/MU 
► Mh*| hi « 25C ,8fil/N9 

' ,fAf v rn^M*i|OA< «-»srtHTu/Mrf 
Mf I? • M * T - M?» S • rtf 
hT u 2 MkT - rt,»rt . hF 

T >T AI. S'^tlOS f” M T m a i , si-j/hb 

A VF •/ A . r * F M-)|f.an«» KEIt.HT 

C^'MS I I ION* LH-Mfl/HM 

| Mrn;j,v,r>, 

’ N|W*\,,m 
1 A.,r,)N 
h <nr'f\ 

*» (AkHOS 

* n lex I or 

7 **( T rtA VF 

* HrnaoAtN ( Ml 09 f Of 
9 Ml ANF 

10 *«ON0fHL0W0SlLftNE 
U D|rHL0O0S|L»N£ 

1? W|(*Hl.3905|L ANF 

l i Slii row te rwAc^LO") i nr 
I *• (*Hl.*W|»iF 
is «ATEB/>TfAM 
is sturn»f 
l 7 c*«oom|.jm njex fnp 
is MA*jr.AsrsC DIOUOE 
t* C At, c I J M 
?n Aluminum ok for 
21 Wom 
■*? I.FAS 

?1 flTANH-M 01 OAf 0E 

26 nk^fl 

25 COoop^ 

2* PMOSPrtOOuS 9£NTOxfnr 

?f VAMAOttiM prMrOKfnr 

2s i i*»com"« oioxnr ' 

?9 CA9S0N 

3ft s.)o?m OMDE 
11 APSfMc PfMTO* l Op 
32 Was sui r a if 
11 c menus lx|n£ 

W M A (.ME S 1 1 jM OX IDE 
IS PrtOSPrtOWUS Wtrni ->Nf "»p 

S0O0N t p I CmlOW f op 
r MoriMjL.M rsicNiowriE 
MAsuAsfNp otcMi -)pier 
CAi C I ■* C-lOWI^E 
ALI»m I »j. i« CM[ 0» t i r 
ri “»ir c«i iwi«p" 

L l as IJCMiOwier 
r IT AS I'M TFT6 ACmi. 0 mI.XP 

mceu ol'Wwf 
rioofc 05.09 t er 
1 / WC ISIUM TpTPACMLOQf np 
VASACh'M eiCuLO^f;^ 
m a ( * s f s i u m c^i. op i nr 
Sul r up p t Pm. CP I OF. 
mt rt3or.f*s sul£|pe 
PW0«A»;F 
Pmo<;ph i sF 
A^SISF 

CMP0 M |i'M H>0«r)*fsp 
MAS^ASF^F MYlNOxtDf 
CAl. ClUM MvO«OXfPE 
At. um f si rM ni|iW0' ['if 
WOM MtOPOifiif 

IF A-x mthmox |O r 
MC*El »i vpwp x | PE 
c ^oop 9 nnwon | np 

^WCOMImm -itobox f )E 
L I ur ICAO) 

SfLtr.xs DIOX IDF 
s 1 1 hamf 

T mt l S| L ASE 
P ! Mf Th>l MlA\r 
Ml W*„P !C ml owns 1 1 ANE 

M * T MT •. fly f TMt OBflr, J ^ ,\sr 
(M**FTmv L .1 1 C M[ OW0S IL A^F 

ELEMENT AL COMPOSttlOM^ 


is 

17 
IS 
IB 
mO 
-1 
6? 
*. 1 


so 

SI 

ft? 

ft 1 


SP 

**9 

70 


0,0 

0,1 

0.0 

0.0 

0.0 

0.0 


1 10 
l s.oo 
7S.0O 
0.0 


*\0f» 

?rt.0l 

1‘i.sS 

V.00 

2H.01 

Sm.01 

is. 06 

1ft. Hh 
32. U* 
ftft ,Sft 
101.01 
135. «.S 
l sq , 90 
70.91 

lfl.o? 

2S.09 
« 1.99 
Hft. 94 
60. OS 
101 .9* 
S5.S5 
^07. 19 
79.90 
71 

M.S<* 
U1.9A 
1 B I .5H 
1?1W2 
12.01 
SB^? 

1M. 71 
9S,S^ 
60. 11 
117. 1.1 
117,17 
1S«. 15 

1 ?5 . At, 

t 10.99 

m. is 
Is?. 21 
i*7H. I 0 

1 S9 , 71 

I 36, 
23J.03 
I?1 .sS 

102.97 
3*. , OS 

??.S? 
16.00 
77. 9S 
Mh.01 

PH , 95 
?6.09 

75.00 
H9.H»> 
?61 ,?0 
92. 7 ? 
97. SS 
159. ?S 
SS .os 
s0. OH 
10s. W 

6ft , 1 •* 

SO . 1 7 
1W.06 
150. ..9 
IZ 7. OS 


?H. 7699 


.0 

155.6 
1 .S56 
6 1 .SS 
.0 

. 5 Vhlf -01 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
• 0 

3. IsO 
13,1ft 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
» 0 
.0 
, o 
.0 
.0 
. ft 
.0 
.0 
.0 
.0 
. S 
.0 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
,0 
,0 
,0 


0.0 
0, (t 
0.0 
0.0 
0.0 
0.0 


101 

| 5,00 

75,00 

0.0 


ft J. 5600 


102 


10 ** 


105 


20,00 


51 ft . 70 


516.70 


75.00 


150,01 


150.01 


1,0000 


0.0 


0.0 


0.0 

0.0 


0,0 


0,0 

0.0 

0,0 


0.0 


0,0 

0.0 

0.0 


0.0 


0.0 

0.0 

0.0 


o.o 


0,0 

0.0 

0.0 


0,0 


0.0 

0 . 0 

0.0 


0,0 


0 , 0 

1 * 9,0950 


2.0196 


2.0196 



10ft 

W.70 

/s.00 
0.0 • 


?H. 791? 


0,0 

0.0 

0.0 

0.0 

0*0 

0.0 


107 

510.70 

932.00 

0.0 


Hft. 1 1 3ft 


71 TABBOn 
f; rtrnoor.EN 
71 NLWOf.fN 
76 Pl.-.fv 
7H M: IC.V, 

7S CM| OBfNf 
7 7 ABr.'S 
7H Prtfl <S 

7w H Ip'll, 
sn rnu m | -m 
J l m a»j a \. i c,r 
s» r* a t . r t im 
m A'. ' im | *j, -u 
S6 [9*19 
lT’A-' 

Ss T J T AM 1 1 m 
17 9|r«f„ 
ss r lout b 

Si V AM A • > | 
ift / f«r->M j . ,m 
l > I 5 <1 * 1-9 
i 1 A -v <i } M | C 

it M \ , 

T ) f A t 


'• f ' 


I C1 

t Ml 

l V» 
1 0* 
(Ml 
«rt » 

(AS ) 

< D | 

( SI 
irwi 
(MVfl 
(ftA » 
‘At. » 

< F r | 

(DS* 

» T 1 1 

t»if i 
(<“•11 
( VI 
( »9> 

( 5) 
t AS l 


w.ftl 
1 .01 
U.ot 
is. 00 

? S . 0 M 
35,65 
39,95 
10. i 7 
10 . S | 

5 2 , C O 

**..96 

60. OH 
?6,9S 
55, S5 

207, W 

67, 10 
S , 7 | 
ft J ,S6 
50 , i6 
91 ,22 
1? , 0s 
7*. . 9? 
? 6 , \ | 


• S9».ir* 

S, 1|9 
3 1 C . 7 

66.96 

1 »♦ I ft 

.0 

l .“56 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.c 
.0 
.0 
.c 
. 0 
. ft 
,0 

21*., I 


01 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.1 12* 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.0 
.0 
.0 
.0 
. ft 
.0 
.0 
.0 
.0 
♦ 0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 

.1129 

.0 

.0 

.0 

.0 

.0 

.1 1.9 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

1.761 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 


.0 

.0 

.0 

.0 

1 . 76| 


.96-, 


.0 
.0 
.0 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.ft 


.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.0 

.5722 

.0 

.0 

.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
, 0 
. ft 

,2hm 


?fl. 32 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

• c 
.0 
.0 
.0 
.0 

• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.*o 

Sft . S 5 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 

?s , 1? 


.0 

155.6 
1 . H56 
61 .ftp 

.0 

•59ft 1 E-01 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 

3.160 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
10 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
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.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


I 0 B 

5 | 6 , 7ft 
932.00 
0.0 


211 .ft 
.1990 
.0 
• 0 
• 0 
*0 
.0 

.5083E-02 
.ft5ftSE-03 
•879RE-02 
.2*3? 
lft. 9ft 
21 1 ,6 
.0 
.0 

13.15 
.0 
.0 
• 0 
.0 
.0 
• 0 
• 0 
.0 
• 0 
.0 
.0 
.0 
• 0 
.0 
.0 
*0 
.0 
*0 
.0 
.0 

.0 ■ 
• 0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


90.962ft 


18 7,5 
.1990 
.0 
.0 
» 0 
.0 
.0 

.7615E-02 
.R6?ir-03 
. 2ftftHE»0 1 
1.671 
6?, 57 
17ft, 7 
• 0 
.0 

1. 12H 
.0 
.0 
.0 
*0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
• .0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 

. 1 1 29 
.0 
.0 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 


• 59 ft 1 E * 0 1 

.0 

.0 

ft . 319 

660 , ft 

660 . ft 

310.7 

• 3981 

• 298 1 

66 ,96 

• 0 

• 0 

• 0 

261,9 

? 6 » .9 

.0 

89 7 , ft 

897,9 

1 » S 56 

.0 

.0 

. 0 

• 0 

.0 

.0 

• 0 

.0 

.0 

• 0 

• 0 

.0 

• 0 

.0 

.0 

• 0 

• 0 

.0 

• 0 

.0 

. 0 

• 0 

• 0 

. 0 

• 0 

• 0 

. 0 

.0 

.0 

. 0 

• 0 

• 0 


c-s 


.0 

. 0 

.0 
. 0 
.,Ov* 

2rt2-, { 


.0 

.0 

.0 

.0 

.0 

.0 


.1129 
.0 
.0 
.0 
.0 
• ft 

6? i, H 



TABLE C- 

II: 

1000 MT/YR COMMERCIAL 

PLANT 




(continued) 

STREAM CATALOG 

(ISSUE 

« 



5 T Wf AM NUM»\F B 

bbes S"sf, oa|a 

TFMPi-MU.iWF . npf* f 

LI JiM" f s«CT|fts 

FMTHAiPr s srwt/iM iF'iP.Mru/Hrt 
FNThAI.pt 4 2*-C #«TU/MW 

MEAT nr F 0 *?m A T 1 ON #?SC."TlJ/ifv 

I 04 
54,01) 
120.00 
1 #0000 

0,0 

0.0 

0.0 

no 

51 1.70 
376,01 
0.6000 

0.0 

0.0 

0.0 

111 

574,70 
356,00 
1 .0000 

0.0 

0.0 

0.0 

112 

512.70 
-356.00 
I .0000 

0.0 

0*0 

0.0 

0.0 

0.0 

o.o 

113 

512.70 

356.00 

0.0 

0.0 

0.0 

0-0 

1 14 

511.70 

100.00 

0,6000 

0.0 
0.0 
ft ft 

115 

513.70 

100.00 

1.0000 

0,0 
0.0 
0.0 
0.0 
0.0 
A ft 

116 

513.70 
100,00 
1 . 0000 

0.0 

0.0 

0.0 

0.0 

0.0 

Hfot S H*T - M?s • HF ,hf(j/M.V 
HTOT 5 H#fT - H?c. * r<F ,MTi;/L»UMO 
TOTAl. SOilOS FNfMflL^f 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

OlO 

0*0 
0.0 
0 . 0 

0,0 

0.0 

Art 

*vfWAr,F molecular *F f ght 


168,4590 

105.4398 

108.6802 

109.6526 

116.4646 

117.8946 

0 ft 0 

157,6698 

0.0 

157,6695 

COMPOSITION# 1 . 0 -mo/hO 










1 hyOPQGFN 

2 N I TOOOFN 

3 A BOON 

2.02 

25,01 

39,95 

.0 
.0 
, 0 

198.0 
.2192 
. 0 

10.53 
» 2022 E -0 1 

. 1 658E-0 1 

. 3 1 85E- 04 

A 

192.9 
.2095 
.0 
.0 
• 0 

193.4 
.21 05 

.5046 

.9810E-03 

5.422 

•1054E-01 

4 OXYGEN 

5 CAOBOn mOnOx I OF 

32.00 

25.01 

.0 

.0 

. V 
.0 
. 0 

!o 

, o 

• u 
.0 
. 0 

• 0 
.0 

. 0 

• 0 

.0 

.0 

6 CASBON DIOXIDE 

44,01 

.0 

* 0 

♦ 0 

ft 


. 0 

. 0 

• 0 

7 m^ThAnf 

16,04 

.0 

,0 

,0 

t w 
• 0 

• 0 
• 0 

.0 

.0 

.0 

« H T OBOGE N CmlOPJDE 
9 StLANF 

10 mondchlobosilane 

It 0 IChl OOOS tLANE ' 

I* tbic^lOkosilanf 

10 SILICON TETPACHLORIDE 

14 CmlOPTNE 

15 rfATFP /STEAM 

36,46 

32.12 

66,56 

101.01 

135.45 

169.90 

70.91 

16.02 

.0 

« 3657E» 04 

. 1 05SE-02 

•201 3E-01 

6.503 

196.1 

.0 

.0 

. 104lE*01 

.9935F-03 

. 4ft 75£ »o 1 

5.165 

264,9 

1055. 

.0 
. 0 

♦2996E-02 
• 1 5 15E-03 
. 2 0 0 7 F. » 0 1 

3.694 
202.3 
878.7 
.0 
. 0 

.4720E-05 
.23862*06 
.3162E-04 
.581 9E»02 
.3187 
1.384 
.0 
^ ft 

.101 8E*0 1 
♦ U04E-02 
.4917E-01 
2.920 
126.4 
369.8 
.0 

!l044E-01 

.1129E-02 

.5127E-01 

3.055 

132.4 

387,7 

.0 

• 2581 E**03 
.243BE-04 
.2096E-02 
.1354 
5.964 
17.91 
.0 

* 0 

.2772E-02 

•2619E-03 

. 22 S 1 E -01 

1 .455 

64,07 

192,5 

• 0 > 

is StLlCON 
17 CmpomIu« OIOX]D£ 

26.09 

53.99 

.0 

,0 

717.0 

*0 

715.8 
• 0 

1.126 
.0 
• 0 
• 0 

. 0 
• 0 
• 0 
.0 
- A 

• 0 
.0 

• 0 
.0 

• 0 
.0 

18 -SUDANESE DIOXIDE 

19 CALCIUM 

56.94 

40.06 

.0 

.0 

.0 

.0 

.0 

.0 

. 0 
• 0 

. 0 
.0 

*0 

.0 

20 ALUMINUM OXIDE 

21 I PON 

22 LEAD 

101.96 

55,55 

207.19 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

#0 

.0 
,0 
• 0 

• V 
.0 
.0 
- ft 

. 0 
*0 
.0 
A 

• 0 
• 0 
.0 

.0 
• 0 
• 0 

23 TITANIUM DIOXIO? 

24 N!C<£l 

25 COPSE* 

79.90 

56.71 

63.5m 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 
• 0 
• o 

• V 
.0 

• 0 
. A 

*.0 

.0 

• 0 
• 0 
• 0 
ft 

• 0 
• 0 
• 0 
ft 

26 pmospmqpus pentoxide 

141.94 

.0 

.0 

.0 

* 0 

* V 
. A 

• 0 
- ft 

ft 0 

. A 

♦ 0 

A 

27 VANADIUM PENTOXIDE 

151.65 

.9 

.0 

• 0 

* 0 

* Q 

t V 
^ A 

ft 0 

* ft 

ft 0 
ft 

25 2rBCONI'jM DIOXIDE 

29 CABPON 

30 SDOON Ox IDE 

123.22 
12.01 
69. S2 

.0 

.0 

.0 

.0 
.0 
. 0 

.0 
.0 
. 0 

.0 
.0 
• 0 

i y 
.0 
• 0 

- ft 

« y 
.0 
• 0 
. 0 

• V 

• 0 
• 0 

• 0 
• 0 
.0 

31 absenic PENTOXIDE 

229.64 

.0 

.0 

• 0 

* 0 

• 0 

, u 
.0 

.0 

. 0 

. ft 

32 I^n sulEaTE 

151.91 

.0 

*0 

.0 

.0 

• 0 

• 0 

.0 

. u 

. ft 

33 CJPOOUS OxlOE 

95,54 

.0 

.0 

.0 

• 0 

.0 

*0 

. 0 

. u 

ft 

34 maonESIijm oxide 

40.31 

.0 

.0 

.0 

. 0 

.0 

• 0 

. 0 

. 0 

35 PmOSPmgpuS TpitmlOBIDE 

137.13 

.0 

.0 

• 0 

• 0 

• 0 

• 0 

. 0 

. 0 

36 9DP0N T«ICmlOPIDE 

117.17 

.0 

.0 

.0 

.0 

.0 

.0 

. 0 

• 0 

17 CmdOmjum TBICmlOPIDE 

196.35 

.0 

.0 

.0 

• 0 

.0 

.0 

, 0 

. 0 

35 MANGANESE 0 1 C H LQ9 I DE 

125.54 

• 9 

.0 

.0 

.0 

.0 

• 0 


• 0 

39 CALClJM ChlOBIDE 

110.99 

• 0 

.0 

.0 

.0 

.0 

• 0 

. u 
• 0 

- ft 

• 0 

40 Aluminum OmlOBIOE 

133.34 

.0 

. 0 

.0 

.0 

.0 

.0 

.0 

4 1 F£BB I C CHLOBinf 

162.21 

.0 

.0 

.0 

.0 

• 0 

.0 

. w 

« 0 

**? LEAD DICmlOoIOF 

276.10 

.0 

.0 

.0 

.0 

.0 

.0 

. 0 
A 

• 0 

43 TITANIUM TETBACMLOM'tnE 

169.71 

.0 

.0 

.0 

.0 

.0 

• 0 

* 0 
ft 

, 0 

44 NICKEL C m l0OIDE 

129.62 

.0 

.0 

.0 

.0 

• 0 

. 0 

. 0 

• o 

45 CJPBIC ChlO»IOE 

134.45 

.0 

.1129 

.0 

. 1129 

.0 

• 0 

. 0 

, 0 

46 ?IBCONtUM TETBACML09I0E 

233.03 

.0 

.0 

.0 

• 0 

- ft 

A 

. 0 

. 0 

•* 7 VANADI'.M DICMLCBIOE 

121.55 

.0 

.0 

• 0 

. 0 

♦ 0 

• 9 

• 0 

.0 

45 MAONEStUM CHLO® I OE 

95.22 

.0 

.0 

.0 

. o 

» 0 

• 0 

A 

. 0 

. 0 

49 s Jt fUP DICmi.CBICE 

102.97 

.0 

.0 

*0 

. 0 

- A 

• 0 

. 0 

» 0 

SO myOBCGEN SUlF IDE 

34.06 

*0 

.0 

.0 

. 0 

• V 
- A 

• 0 

. 0 

.0 

51 0 1 SO® ANp 

27 .67 

.0 

.0 

.0 

. 0 

• V 
- A 

:! 

ft 

* 0 

• 0 

52 phosphine 

34.00 

.0 

.0 

.0 

.0 

1 u 
• 0 

. 0 

.0 

53 a 95 1 N? 

77.95 

.0 

.0 

.0 

• 0 

• 0 

• 0 
• 0 

. 0 

.0 

54 Chpd m Iu m myopox I DE 

84.01 

.0 

.0 

.0 

• 0 

• 0 

ft 

. 0 

* 0 

55 manOAnE'E m/dbotIDE 

65.95 

• 0 

.0 

* 0 

• 0 

- A 

• 0 

. 0 

. 0 

55 CAi.CI’JM HTOPOxtQE 
57 ALUMINUM MT0MOXIOE 
55 JBON HYDROXIDE 

74.09 

76.00 

69,66 

!o 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 
.0 
• 0 

• V 
.0 
.0 
. ft 

t 0 
.0 
• 0 

ft 

.0 
• 0 
• 0 
.0 

. 0 
• 0 
.0 

59 LEAD htDBOxIDE 

241 .20 

.0 

.0 

. 0 

• 0 

* ft 

» V 

A 

.0 

SO NICKEL hYOBOXIDE 

92.72 

.0 

.0 

.0 

• 0 

• ft 

• 0 
A 

• 0 

* 0 

61 C D P 5 E 9 MTOBOXtOE 

97.55 

• 0 

.0 

*0 

♦ 0 

• u 

* A 

• 0 

A 

• 0 

• 0 

62 Z T PCON 1 1 jm htdbOxJDE 

159.25 

.0 

.0 

.0 

.0 

• VI 
-ft 

• 0 
ft 

. 0 

• 0 
.0 

63 L I mf (CAO) 

56.08 

• 0 

• 0 

.0 

• 0 

• V 

. n 

ft 0 
A 

. 0 
• 0 

64 SILICON DIOXIDE 

60.06 

• 0 

. 0 

. 0 

• 0 

• V 

ft 0 

. 0 

65 SILOXANE 

106.19 

.0 

.0 

.0 

* 0 

* 0 
* o 

• 0 
• 0 

.0 

• 0 

66 -fthyl SlLANF. 

46.14 

.0 

• 0 

• 0 

• 0 

• V 
. A 

. 0 

.0 

67 DIMFTHYL SlLANF 

65 MCTHrLDICMLOBOSlLANC 

60.17 

115.04 

.0 

.0 

.0 

.0 

.0 
.0 
• 0 

.0 
• 0 

• W 

• 0 
• 0 
* ft 

. 0 
.0 
.0 

. 0 
• 0 

• 0 
.0 

69 mc r myl TP Ic^lOPOS tu ANE 

150.40 

• 0 

.0 

,0 

.0 

• 0 

70 OtMETHYLDICMLOOOStLANE 

129,06 

.0 

.0 

.0 

.0 

• 0 

. 0 
• 0 

,0 

.0 

• 0 
• 0 

ELEMENTAL CDmPo 5 I tION. 

LB-md/h w 









71 CA 050 N ( Ct 

12.01 

.0 

.0 

.0 

.0 

* o 


.0 

7.250 

.1962E-02 


72 myDOOOEN < hj 

73 NtTBOGFN ( Nl 

74 OxrGfN ( 01 

1 .01 
14.01 
16.00 

8.547 

.0 

.0 

671.4 
.4385 
• 0 

230.8 
.4044E-01 
. 0 

.3636 

.6370E-04 

518.3 

.4191 

ft 0 

525.5 

.4210 

.0 

77,90 

.2108E-01 

75 SILICON (51) 

74 CmlO«INE ICU 

7? A 9(*QN (AP) 

75 PHOSPMORUS 1 P> 

26.09 

35.45 

39.95 

30.97 

204,6 

609.8 

.0 

.0 

2042. 
502 7. 
.0 
.0 

1801. 
4129, 
• 0 
• 0 

• j 

2.836 

6.730 

• 0 
.0 

. ft 

• 0 

499.2 
1864. 
.0 
- A 

. 0 

523.2 
. 1954. 
.0 

,0 

24.02 

89.82 

.0 

. 0 

258.0 

965.0 
.0 

79 MDOON ( 5) 

10.51 

• O 

,0 

. 0 

- A 

• 0 

.0 

• 0 

50 CHOOMttjM f r» > 

52.00 

.0 

.0 

• 0 

. 0 

• u 

- ft 

. 0 
.0 

.0 
• 0 

.0 

.0 

.0 

.0 

51 manGANFSE <mn) 

54.94 

.0 

.0 

. 0 

.0 

_ A 

52 CALCI'JM (FA) 

5 3 aluminum < &L I 

40.06 

?6.9P 

.0 

.0 

.0 
. 0 

.0 
• 0 

.0 
. 0 

• u 

• 0 
* A 

. 0 
• 0 

.0 
• 0 

54 l 90N (FEI 

55. “5 

.0 

*0 

• 0 

. 0 

# U 

* 0 

. 0 
ft 

• 0 

. 0 

55 LEAD ( PP ) 

207.19 

,0 

.0 

• 0 

* 0 


. V 

. 0 

.0 

54 TITANIUM (TI) 

4 7,90 

.0 

.0 

.0 

.0 

♦ 0 
* ft 

. 0 
ft 

.0 

« 0 

57 N|C<El (Nil 

58.71 

• 0 

.0 

.0 

.0 

1 V 
* 0 

. V 

. 0 

• 0 

5« CDPPE9 (Cut 

6 J.54 

.0 

.1129 

.0 

.1129 

• 0 

. 0 
. 0 

. 0 
. 0 

. 0 

- ft 

59 VANADIUM ( vi 

50,94 

• 0 

.0 

.0 

. 0 

- A 



* u 

90 /’tPCONll.-M (7B) 

91 .22 

,0 

. 0 

.0 

.0 

, 0 

• u 

A 

. 0 
.0 
ft 

.0 

• 0 

91 SUl. FlJ9 ( 5 } 

32.06 

.0 

*0 

. 0 

• O 

• 0 

• 0 

.0 

.0 

.0 

9 ? tPSFNJC (AS) 

9 1 MAr.sfSh.M (MG, 

74 . <2 
24 . 91 

• 0 
.0 

.0 

.0 

.0 

.0 

.0 
. 0 

• 0 
. ft 

• u 
.0 
ft 

* 0 
.0 
.0 

24.52 

TOTAL FLOrt 


2 C 4 » 4 

224 1 . 

1611. 

2.966 

692,3 

. 0 

7 16.6 

. 0 

263.4 


v ‘'jINAL PAGE IS 
(DUALITY 


TABLE C-II 1000 MT/YR COMMERCIAL PLAN!' 

(continued) STREAM CATALOG (ISSUE 1) 


STREAM NUMBER 
pressure, pm 4 

TFmPe w a T uRf t nfC» F 

Ltouio fraction 

FNIhalPt 4 STREAM TfMP.Pru/MW 

117 

672,70 
100.00 
1 .0000 

0,0 

1 l 8 

610,70 

100,00 

0.0 

0,0 

119 

510,70 
100,00 
1 .0000 

0 , 0 

120 

610.70 

100,00 

0.0 

A A 

121 

521.70 
1 00,00 
0.0 

0.0 
0.0 
A A 

12? 

516.70 

961,00 

0.0 

123 

516,70 

961,00 

0.0 

124 

521.70 

442,99 

0.0 

ENTfALPY ft ?5C ,«TUA<R 

MEAT Of FORMATION »?5C.8Tu/«R 

0.0 

0.0 

0.0 

0.0 

0.0 
0 . 0 

u • u 
0,0 
a . A 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

MTOT -* M 8 T * H?5 • nr »RTlJ/*<W 

0.0 

0 , 0 

0 , 0 

V ♦ v 
A A 

U * 0 

A A 

0 . 0 

0.0 

0.0 

mTOT * M»T - h 25 * nr ,*TU/H-M0 

0.0 

0,0 

0 « 0 

U ft w 
A A 

0 • 0 

0 . 0 

0.0 

0.0 

total SOLtOS enthalpy »«Tu/hR 

0.0 

0.0 

0.0 

U f W 
0*0 

0.0 
A A 

0,0 

0.0 

0.0 

AVERAGE MOLECULAR KflOnT 


1 67 ,6698 

20,3661 

157,6695 

20, 3661 

U • Q 

20.3661 

0.0 

20,3661 

0,0 

168,4711 

0.0 

168,471 l 

COMPOSITION* L^-MO/mP 










l HYDROGEN 
? N I T RQGFN 

3 A MOON 

2,0? 

28.01 

39,95 

,5tl<*6 

.98101*03 

. 0 

182.9 

.1901 

, 0 

ft. 55? 

, 86491- « 0? 

A 

182.9 

.1901 

182,9 

.1901 

182,9 

.1901 

.0 

.0 

.0 

,0 

4 OXYGEN 

32.00 

.0 

.0 

• u 

• 0 

• 0 

o 

* 0- 

.0 

.0 

.0 

S CARMON MONOx IOE 

28,01 

.0 

.0 

A 


• 0 

• 0 

.0 

*0 

ft CARHON DIOXIDE 

ftft. 01 

.0 

. 0 

• V 
n 

A 

* 0 

.0 

• 0 

• 0 

7 methane 

16.0ft 

. 0 

.0 

• V 

• 0 

ft u 

Q 

*0 

.0 

.0 

.0 

« HYOSOGEN CHLORIDE 
9 SILANE 

10 MOnOChLOPOSIL ANE 
1) OICHLOPOSlLANE 

3ft, ft6 
32.12 
66,56 
101.01 

, 258 1 E -03 
.2438E-04 
.2096E-02 
. 1 35ft 

.5OH3E-0P 
.6223E-03 
.7754E-02 
• ?4 38 

.2328 f *03 
• 2 1 99fc. *0 3 
,1B90E*01 
1 .221 
S3. HO 
161 .6 
. 0 

!S083E*02 

.6223E-03 

.7/5ftE*0? 

.2ft38 

8.538 

15,73 

• 0 

• 508 3E-0? 
.6223E-03 
.7754E-02 

.0 

.5083E-02 

.6223E-03 

.7754E-02 

.0 

.0 

,3621 E-Oft 
, 1 0ftft£*02 

• 0 

.0 

* 362 1 E*04 
. 1044E-02 

12 TRICHLOROSILANF 

13 SILICON TETPAChlOPIOE 
u chlorine 

1 35, ftS 
169.90 
70,91 

5,964 
1 7,91 
.0 

8 , S 3 8 
15.73 
. 0 

. 24 39 
8.538 
15.73 

.24 38 
8.538 
15.73 

• 1 993E*0 1 

8.418 

195.8 

, 1 993E-0 l 
8,4 18 
195.8 

IS WATER/STEAH 

18,02 

.0 

. 0 


A 

» 0 

• 0 

.0 

.0 

1ft SILICON 

28,09 

.0 

. 0 

, 0 

ft U 

• 0 

*0 

.0 

.0 

17 Chromium DIOXIDE 

8 3.99 

.0 

. 0 

. 0 

ft 0 
A 

. 0 

,0 

*0 

.0 

18 MANGANE5E OIOXIDE 

86.94 

.0 

• 0 

A 

ft 0 

*0 

• 0 

.0 

• 0 

19 CALCIUM 

ft 0 , 08 

.0 

. 0 

• 0 
.0 

ftO 

A 

.0 

.0 

.0 

.0 

20 aluminum oxide 

101.96 

.0 

.0 
. 0 

A 

• 0 
A 

. 0 

,0 

,0 

.0 

21 IRON 

55.85 

.0 

. V 
. 0 

• U 

A 

. 0 

• 0 

.0 

.0 

22 LE AO 

207.19 

.0 

• 0 

A 

• U 

• 0 

. 0 

.0 

.0 

23 TITANIUM DIOXIDE 

79.90 

.0 

* 0 

. U 
. 0 

* 0 

• 0 

,0 

.0 

.0 

2<» Mem 

58.71 

.0 

.0 
• o 


• 0 
A 

*0 

,0 

• 0 

,0 

2S COPPER 

63*54 

. 0 ■ 

, 0 
A 

• 0 
A 

,0 

,0 

• 0 

,0 

.2ft PHOSPHORUS PENTOxlDE 

lft| .94 

.0 

• 0 

, u 
n 

• 0 

A 

• 0 

• 0 

,0 

.0 

27 vanadium PENTOXIOE 

181.88 

• 0 

.0 

. V 
• 0 

• 0 

A 

• 0 

, 0 

• 0 

• 0 

28 ZIRCONIUM OIOXIOE 

123.22 

'.o 

.0 

.0 


ft u 

• 0 

,0 

.0 

,0 

29 Carson 

12.01 

.0 

• 0 

• 0 
• 0 

* 0 

• 0 

.0 

• 0 

30 floRON oxide 

69,62 

* 0 

• 0 


A 

• 0 

,0 

,0 

• 0 

.31 ARSENIC PENTOXIOE 

229.8ft 

• 0 

. 0 

. 0 

ft 0 

A 

. 0 

,0 

.0 

,0 

32 IRON SULFATE 

151.91 

.0 

.0 

„ n 

ft U 

• 0 

• 0 

,0 

.0 

33 CUPROUS OXIDE 

96.54 

.0 

. 0 

. n 

* A 

• 0 

• 0 

.0 

• 0 

3ft MAGNEStUM OXIDE 

ftO. 31 

• 0 

. 0 

. u 
. 0 

4 q 

• 0 
.0 

• 0 

• 0 

• 0 

3s phosphorus trichloride 

137.13 

.0 

, o 

. A 


,0 

• 0 

,0 

3ft 80°0N TRICHLORIDE 

117.17 

. 0 

. 0 

• y 

_ A 

• U 

A 

* 0 

• 0 

• 0 

.0 

3? ChQOMIun TRICHLORIDE 

198.35 

* 0 

. 0 

« u 
• 0 

ft 0 
A 

* 0 

• 0 

,0 

.0 

38 MANGANESE OICHLOPtDE 

125.«ft 

.0 

.0 

. 0 

• U 

• 0 

• 0 

• 0 

.0 

.0 

39 calcium chloride 

110,99 

.0 

• 0 

• 0 


. 0 

.0 

• 0 

.0 

fto aluminum chloride 

133.3ft 

. 0 

* 0 

* 0 

• 0 
A 

• 0 

, 0 

.0 

.0 

ft l ferric Chloride. 

162.21 

. 0 

. 0 

. 0 

ft u 

A 

• 0 

. 0 

, 0 

,0 

**2 lead oiCHLORinr 

276.1 0 

.0 

. 0 

» 0 

• u 

.0 

• 0 

.0 

.0 

ft 3 TITANIUM TETRACHLORIDE 

189.71 

.0 

. 0 

• 0 

• 0 
A 

• 0 

,0 

• 0 

• 0 

ftft NlC'Ek C*LG-.uE 

1 L 9 • He 

• 0 



• u 

• 0 

. o 

.0 

.0 

ftS cupric chloride 

ftft ZtRCONluM TETRACHLORIDE 

13ft. ft* 
233.03 

.0 

.0 

!o 

.0 

!o 

.0 

• 0 
.0 
• 0 

• 0 
.0 

• 0 
.0 

.0 

,0 

• 0 
.0 

47 VANADIUM DIChLORIDE 

121 .85 

.0 

.0 

» 0 

,0 

*n 

, 0 

• 0 

,0 

48 MAGNESIUM ChLORtDE 

95.22 

.0 

• 0 

.0 

• 0 

* A 

, 0 

, 0 

• 0 

ft 9 sulfur oichlorioe 

102.97 

.0 

.0 

.0 

• 0 

* A 

• 0 

• 0 

,0 

so htorogen sulfide 

3ft ,08 

.0 

. 0 

. 0 

• 0 

• 0 

• 0 

• 0 

,0 

51 OtRORANE 

27.67 

*0 

.0 

. 0 

. 0 

» 0 
A 

* 0 

.0 

• 0 

52 phosphine 

3ft .00 

• 0 

.0 

. 0 

. 0 

* w 

A 

• 0 

,0 

,0 

S3 ARSINE 

77,95 

. 0 

.0 

» 0 

* 0 

, 0 

. 0 

. 0 

• 0 

Sft CHROMIUM htOROX IDE 

86.01 

.0 

.0 

« 0 

. 0 

, 0 
A 

• 0 

,0 

,0 

55 MANGANESE HYDROXIDE 

88.95 

.0 

• 0 

. 0 

. 0 

. 0 
* 0 

. 0 

*0 

• 0 

56 CALCIUM hyo»OXIDE 

7ft . 09 

.0 

.0 

*0 

*0 


, 0 

, 0 

*0 

57 aluminum HYDROXIDE ' 

78.00 

.0 

• 0 

, o 

. 0 

, 0 

. 0 

• 0 

,0 

SR IRON HYDROXIDE 

89.86 

.0 

.0 

♦ 0 

A 

. 0 

. 0 

,0 

• 0 

59 LEAD hyDROX tDE 

241.20 

• 0 

• 0 

» 0 

* V 
. 0 

• 0 

• 0 

.0 

• 0 

60 NICKEL HYDROXIDE 

92.72 

.0 

.0 

*0 

. 0 

• 0 
A 

, 0 

• 0 

.0 

61 COPPER wYOROXfDE 

97.55 

.0 

.0 

• 0 

. V 
A 

. 0 

. 0 

• 0 

» 0 

62 ZIRCONIUM HYDROXIDE 

159.25 

.0 

.0 

• 0 

• w 

. 0 

. 0 

,0 

,0 

.0 

63 LIME <CAO> 

56.08 

.0 

.0 

.0 

. 0 

• 0 
A 

• 0 

,0 

,0 

6ft SILICON OIOXIOE 

60.08 

.0 

.0 

* 0 

• 0 

. 0 
A 

• 0 

.0 

,0 

65 SILOXANE 

106.19 

.0 

.0 

. 0 

A 

. 0 

• 0 

• 0 

• 0 

66 METhyl SILANE 

46.14 

• 0 

.0 

• 0 

• U 

A 

• 0 

• 0 

,0 

• 0 

67 OImETmyl SILANE 

60.17 

.0 

.0 

. 0 

* V 

. 0 

. 0 

• 0 

,0 

• 0 

68 MCTHYLOICHLOROSTLANE 

115.0ft 

.0 

.0 

.0 

.0 

. 0 

• 0 

• 0 

• 0 

• 0 

69 METHYlTRICHlORDSILANE 

150. ftR 

• 0 

.0 

, 0 

, 0 
A 

• 0 
• 0 
.0 

*0 

.0 

70 OtMETHYLDICMLOROStLANE 

129.06 

.0 

.0 

.0 

.0 

. 0 
.0 

.0 

,0 

,0 

,0 

ELEMENTAL COMPOSITION, 

16-MO/HR 









71 CARBON ( C> 

12.01 

.0 

.0 

.0 

.0 

375.0 
. 3803 

. A 

A 




72 HYDROGEN I H) 

73 NITROGEN ( N> 

7ft Oxtgfn i o> 

1.01 
1ft. 01 
16.00 

7.250 

• 1 962 F -0? 

.0 

375.0 

.3803 

.0 

65.ft0 

.1770E-01 

.0 

* 0 

3?5ft© 
• 3803 

• 0 

375.0 
. 3803 

.0 

8. 461 
.0 

.0 

8.461 

.0 

75 SlLtCON IS|) 
7ft chlorine icl» 
77 AROON (API 

28.09 

35.45 

39.95 

24.02 

89.9? 

.0 

?H,52 
8 9, Oft 

.0 

216.6 
810.2 
« 0 

24.5? 

89.04 

A 

• 0 

?<*•$? 

89*04 

. 0 

•24.52 

89.04 

• 0 

204.3 

808,6 

.0 

204,3 

808,6 

78 phosphorus i p> 

30.97 

.0 

.0 

.0 
* 0 

• v 

„ 0 

♦ 0 

. 0 

,0 

,0 

79 MORON ( MI 

10.61 

.0 

.0 

ft V 
A 

• 0 

• 0 

.0 

• 0 

60 CHROMIUM (CRl 

52.00 

.0 

.0 

.0 
.0 
. 0 

ft V 
« 0 

• 0 

*0 

.0 

.0 

81 MANGANESE (MN) 

62 CALCIJM (C4) 

54 ,9«* 
40.08 

.0 

.0 

.0 

.0 

.0 
• 0 

• u 

• 0 
A 

* 0 
.0 

.0 

.0 

.0 

,0 

83 ALUM t NUM ( Al ) 

26.96 

.0 

. n 

• 0 

« 0 

• U 

* A 

, 0 

• 0 

,0 

8ft IRON (TE I 

55.85 

.0 

.0 

* 0 

. 0 

• 0 
9 0 

» 0 

A 

» 0 

,0 

85 LEAD IPS) 

86 TITANIUM | T | ) 

207.19 
4 7.90 

.0 

.0 

.0 

.0 

.0 

. 0 

.0 
• 0 

ftO 

- A 

. 0 

.0 

. 0 
.0 

.0 

.0 

67 NICKEL t N I ) 

68.71 

.0 

.0 

.0 

, 0 

ft u 

, 0 

. 0 

• 0 

68 COPPER (Cut 

61,6ft 

.0 

.0 

.0 

. 0 

• 0 
• 0 

, 0 

.0 

,0 

69 VANADIUM ( V ) 

60.94 

.0 

.0 

* 0 

• 0 

. A 

* 0 

. 0 

• 0 

90 ZIRCONIUM (7pj 

91.22 

. 0 

.0 

. 0 

. o 

ft U 
* 0 

. 0 

.0 

* 0 

91 sulfur i s» 

32,0ft 

.0 

.0 

. 0 

. 0 

• 0 

* 0 
A 

.0 

.0 

92 ARSENIC ( A S 1 

74,9? 

♦ 0 

.0 

* 0 

. 0 


» 0 

.0 

* 0 

91 MAGNESIUM I mg t 

24. U 

. o 

.0 

. 0 

. 0 

* rt 

, 0 

*0 

.0 

TOTAL Fl.O* 


2** , H? 

207.7 

.Vt ,2 

20 7. 7 

^0 /ft? 

, 0 

207.7 

.0 

204.3 

.0 

204.3 


C-7 


TABU; C-II 
Ccantinucd) 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 1) 


sstt^r • p,|a 

PAT I»f , y f 

L | >11 1 o F »AC T |A, 

EN T HAi P r * STkEAm 
EN T m ai. ** v * 2 gc ,nf 

heat or formation pi. r)1 ,| 
h?ot s h*t - h?s * Mf ,.ir 
nTOT * H#] • M ? <•, • >,( , f 

TOTAu SOI. (ns ENlnALPr , T 
AVfRACi* «0Lfi:uiA» «F|OhT. 

COMPOSITION, l. 

1 Nrnsor.is 

2 NITROGEN 

3 ARGON 
** oxygen 

5 cappon monoxide 
s capron o' - - ror 

7 METHANE 

« Hrn»oc.fA H^OPfOE 
9 S t L ANE 

10 MTNOCHI.OPOS R ANt 

11 DJCHlOPOSIl ANF 
1? TPICHi.OPOSIt.ANF 
H SILICON T E T P AC^l OP | ' if 
1 4 Cm[.0P1NF 

is VrATFP/STEAM 
1** SILICON 
1? CnPOMfitM OIOXI^F 
I A MANOANESE 010 A JOE 

19 CALCIUM 

20 ALUMINUM OX I OF 

21 IRON 

22 L f A o 

23 titanium oioxinp 

24 nickel 

25 COPPEP 

26 PmOSPhOPUS d ENTOi|^f 

27 VANADIUM PENTO A I 0£ 

25 2IPCONIUM OIOxlOE 

29 CAWPON 

30 «OPON OXIOE 

31 APSEMC P£NTOX|or 

32 I PON SULFaTF 

33 C'JPPOUS OX|0£ 

34 magnesium o* IDF 

35 PmOSPmOP'JS T p I op i nr 
35 HQOON T«v f Chl 0° ! OE 
3 7 CmPOM 1 1 im TP I ChL OP I OF 
is manganese oiCHt.opinr 
39 CALCt JM Chl OP I ^E 
MO Aluminum ChlOpIOE 
<*\ FfPClc CmlOPIOE 
m2 lead OlCMLOPlnr 

<*3 titan I I'M TE TP A CHI t'lt 

SP Ntc<EL C M LO° I DE 
S5 CUPPJC Chl OP I OP 
46 Z I °C0N K |M Tftpac-m OP |oe 

4? VAN Ap| I'M nifMl.OPt.>* 

as magnesium (;mlOp IDE 
a p sul r up oicmi op t^r 

50 HrOPPSkN SULFIDE 

51 D | 50P A Nf 

52 PmasphInE 

53 APsjne 

5a ChpO w |um htopox re 

55 MANGANFSE M^DOAlOE; 

56 Calcium hyOpo*tof 

57 Aluminum hyOnOxRE 
5ft IRON M T r,MnxtDF 

59 LEAD HtD»0*lDE 

60 N | cm EL MTOPOXinr 
6 1 COPPER »-Y0POX|0F 

62 2I«C0N|um hyOPOAIOF 

63 LlMf (CAO» 

6a SILICON OtOxtOE 

65 SU.OXANE 

66 MFTMYL SJlANE 

67 DImeThtL SlLANF 
5« metmvlOJCmlOPOSH ANF 

69 MrtMYLTRICMLOoOSlL ANF 

70 0 ImeTmylD IChLOOOSIl ANF 

ELEMENTAL Composition* lh-mo/mn 


I .’5 


I 00,00 
1 * I* 0(10 


. /»- 

0,0 

I/-.* 

o.o 

'i/"W 

0.0 

J/.,P 

0,0 

1/1 >?-*u 

0,0 

|/MM 

0,0 


|6/ t 6 

2 • i * 

a ,662 

25.01 

, *1 '**,9F 

1-1,9-, 

,0 

32.00 

.0 

2 ft . 0 l 

.0 

a*. ,01 

.0 

16,0-* 

.0 

36 , a h 

,2l.?ftr 

32,12 

, 2 1 99F < 

a h , 1 1 6 

. 1 09 OF 

101.01 

1.221 

1 3->.h6 

5 J * a o 

169,90 

Ibl .6 

70. Pi 

.0 

l ft , 02 

.0 

2*. On 

.0 

83. >9 

.0 

ftN.qff, 

.0 

a 0 . 0 ^ 

.0 

101.96 

.0 

65, -«S 

.0 

207.|9 

.0 

79,9 0 

.0 

5M.71 

.0 

6 J . Sa 

.0 

1 a l , 

.0 

1«1 .ftfl 

.0 

123.22 

.0 

12.01 

.0 

69. N2 

,c 

229 , «a 

.0 

IM.U 

,0 

96.5 a 

.0 

aP. Yl 

, r 

1 3 ? , U 

t f 

117.17 

, , 

16^. 15 

t !_ 

l?i,*« 

.0 

l 10. H 

.0 

1 3). !«« 

.0 

162.71 

.0 

2 7 h . i i 

.0 

1« J. 71 

.0 

127. **2 

, >y 


.0 

233.0 < 

.0 

121 

.0 

96.22 

.0 

102. J7 

.0 

3a .0" 

.0 

2 7 . s 7 

.0 

7<* . OO 

.0 

7 7.96 

.0 

**•>.01 

• 0 

PM. ) 6 

.0 

7 , ,09 

.0 

7ft . 00 

. 0 

N.fls 

.0 

2a 1 ,2o 

.0 

92. 72 

.0 

97 ,SN 

♦ 0 

IS.^,2-. 

.0 

•'6.0^ 

.0 

60.0* 

.0 

l 06. 19 

.0 

a6. la 

.0 

60.1 7 

.0 

1 l 6 . 0 a 

.0 

ISA... j 

.0 

12 J.na 

.0 


12* 

100.00 

100.00 

1,0000 

0,0 

0,0 

0,0 

0,0 

0,0 

0,0 

157,6695 


a, ' v 

,H«a‘)i;-02 

.0 

.0 

.0 

.0 

,0 

♦ 2320 E - O 2 
,21 9QE-03 
• 1 mhOL-OI 
1.221 
53,50 
161*6 
.0 
.0 
.0 
.0 
.0 
.0 


.0 
,0 
.0 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
,e 
. 0 
. 0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


127 ] 2 H 


. 30,00 

526,70 

76,00 

75,00 

1,0000 

1.0000 

0,0 

0,0 

0.0 

0,0 

0.0 

0,0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

168 . 1,71 | 

16 ft , a?i 1 


129 1.11 



512.70 

la , 90 


366 ,00 

77,00 


1,0000 

0.0 

0.0 


0,0 

0.0 


0.0 

0.0 


0.0 

o.o 


0,0 

o.o 


0.0 

0.0 


0.0 

iofi . n « o2 

20,0859 


,0 

.0 

,0 

,0 

.0 

.0 

,0 

.0 

, 3657 E -04 
. 1055 F -02 
.20131 -01 
ft , SO 3 
I 97 .fi 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.0 

.0 

,0 

,0 

.0 

,0 

.0 

.0 

. 3657 E-0A 
.1055E-02 
, 201 3 E -01 
ft. 503 
197 . H 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


10.53 

.2022E-01 

• 0 
• 0 
• 0 
• 0 
.0 

•299SE-02 

* 1 51 5E-03 
.2007E-01 
3,69a 
202.3 
97H.7 

.0 

• 0 

715.8 
.0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 


*0 

. 9230 E -02 

.0 
.0 
.0 
.0 
.0 
,0 
• 0 
.0 
.0 
• 0 
• 0 
.0 
.0 

n.i6 

• 0 
• 0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


l 32 

526.70 

662.99 

1.0000 

0.0 

0,0 

0,0 

0.0 

0.0 

0,0 

I 6 fi .671 1 


200 

55.00 

217.90 

1,0000 

0,0 

0,0 

0.0 

0,0 

0.0 

0,0 

16 ft , A 590 


• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 

* 3657 F >06 
. 10558-04 
. 201 3 E -03 
. 8503 E -01 
1.978 

*0 

• 0 
• 0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.0 
• 0 
,0 
.0 
• 0 
.0 
.0 
.0 

. 3657 E - 0 A 

. 1 O 55 E -02 

• 20 ] 3001 
8.503 
196,1 

.0 

• 0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
,0 
• 0 
,0 
• 0 
.0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 

.0 

.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


71 

CAR50N 

C C) 

12.01 

. 0 

4 0 







72 

73 
7a 

HYDPOftf N 

NITPOr.f N 
OXYGEN 

1 H) 

1 NJ 
t nj 

1 .01 
N . 0 l 
16.00 

66. aQ 

.I 7 70T-OI 
.0 

♦ 1 -01 

« A 

. 0 

5.567 

.0 

• 0 

0.S47 

.0 

• 0 

230. ft 

,aoaaE-01 

.0 

.0 

* lfta66-01 

,0 

•05a7E-O| 

.0 

.0 

8.547 

.0 

75 

76 

77 

511 ICON 
CMl OPINE ■ 
~A.jr.oN 

isn 

m j 
(API 

36. a 1 
19. RS 

216.6 
8 1 ft , ? 
, 0 

216. s 
ft 1 0 « 2 

• 0 

206.3 
5 1 6 • H 

. 0 

206,3 
Hi 6,8 

• 0 

lftOl, 

6129, 

.0 

,13*16 

.0 

.0 

2.063 

8,168 

.0 

204.6 

004.5 

7 ft 

phosphorus 

1 p) 

30. 17 

* 0 

. A 

. 0 

• 0 

,0 

.0 

• 0 

• 0 

79 

oioon 

( ft) 

1 0 . -M 

.0 

• 0 

, 0 

. 0 

• 0 

.0 

.0 

.0 

HO 

f MPOMti.M 

irui 

S2.01 

, o 

• A 

. 0 

• 0 

• 0 

.0 

.0 

• 0 

Ml 

manganese 

JMNI 

6a , J >. 

.0 

• y 

* 0 

» 0 

* 0 

.0 

.0 

.0 

.0 

52 

CALC I JM 

i r a ) 

a 0 . 0 * 

. 0 

* 0 

« 0 

« 0 

.0 

.0 

• 0 

.0 

51 

alum f num 

< AL ) 

26. )•» 

• 0 

« 0 

« 0 

. 0 

.0 

.0 

.0 

.0 

fta 

I w ON 

»FEJ 

65,5 6 

. 0 

> 0 

• 0 
A 

. 0 

.0 

.0 

.0 

.0 

56 

l*:a6 

fOH) 

20 7.1 t 

• 0 


. 0 

« 0 

.0 

.0 

.0 

.0 

56 

TITANIUM 

1 T I ) 

a 7 . )0 

. 0 

1 V 
« 0 

* 0 
ft 

• 0 

.0 

.0 

.0 

• 0 

57 

nic-el 

INI 1 

6ft, 71 

*0 

4 0 

* 0 
ft 

. 0 

.0 

.0 

.0 

• 0 

55 

gop or r 

tr-n 

. 0 

4 0 

* u 

. 0 

. 0 

.0 

• 0 

.0 

59 

VANADIUM 

( V) 


. 0 

- A 

« 0 
ft 

* 0 

.0 

.0 

.0 

*0 

90 

? tWCONIuM 

( ?W| 

9 | . V 

. 0 

4 \f 

4 0 

* 0 
ft 

• 0 

.0 

.0 

.0 

.0 

91 

S'ii njp 

1 si 

12.06 

. 0 

4 0 

* u 

. 0 

.0 

.0 

.0 

.0 

92 

91 

ARSENIC 
MAONESti M 

( AG 1 

2*. , il 

. 0 

, ■) 

.0 

.0 

* 0 
,0 

• 0 
.0 

.0 

.0 

.0 

.0 

.0 
* 0 


TOTAL mo# 



221.2 

*VI 

• 0 

206. 3 

• 0 

206. 1 

.0 

lftll , 

.0 

1-1.17 

.0 

2.063 

.0 

204.6 


C-8 


■'jrw,' 


TABLE C-II: 
(continued) 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 1) 


stream numbt* 

OOFSSlfPF, »c;| A 

TEMPERA TuRf, ore. f 

L I O'i I n FRACTION 

ENThai.pt 4 STREAM TrMP,«Tu/HW 
ENTHALPY « 25C ,«tu/hr 

MEAT Of FOPMATfON #?5 C.MU/hR 
hToT » hAT • m?5 * mf .HTg/MW 

MTOT * h<T * H*b ♦ HF ,«Tu/l.rt-NO 

TOTAL SOlIOS Enthalpy ,«Tij/«r 
AVERAGE MOLECULAR wEIOhT 


?0I 
94,60 
0 1 

I *0000 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

150.6541 


COMPOSITION. |,r-mo/hR 

I H yORO TtFN 
? NITROGIN 
1 ARGON 

4 Oxygen 

5 C ARSON MONO* IDE 
A CARSON OtOxtQF 

7 METHANE 

H HYDROGEN CHLORIDE 
9 SIlanE 

10 HOnOChlOROSILANE 
1! OIChlOROSILANE 

12 TR IChLOROSlLANF 

13 SILICON TETRACHLORIDE 
is Chlorine 

15 WATER/STEAM 

16 SILICON 

17 CHROMIUM OIOXtDE 
lfl MANGANESE DIOXIDE 
19 CALCIUM 

SO ALUMINUM OXIDE 
2) IRON 

22 LEAD 

23 titanium OIOXtDE 
2* NICKEL 

25 COPPER 

26 PHOSPHORUS PENTOXIOE 

27 vanaoium pentoxide 
25 ZIRCONIUM DIOXIDE 

29 CARBON 

30 BORON OxlOE 

31 ARSENIC PENTOXIDE 

32 IRON SULFATE 

33 cuprous oxide 
3* magnesium oxide 

35 PHOSPHORUS TRICHLORIDE 

36 boron trichloride 

37 Chromium TRICHLORIDE 
35 MANGANESE OIChlORIOE 

39 calcium chloride 

40 aluminum CHLORIDE 

41 ferric CmlOHIDF 

42 lead OlCMLORtor 

43 TITANIUM TETRACHLORIDE 

44 N | C<EL CHLOPIDF 

45 CUPRIC CHLORIDE 

46 ZlRCONiL'M TETRACHLORIDE 
4? VANAOIUM DIChLDPIDE 

45 MAGNESIUM CHLORIDE 

49 SULFUR OICHLORIOE 

50 HYDROGEN SULFIDE 

51 DIBORanf 

52 PHOSPHINE 

53 ARSINE 

54 Chromium HYDROXIDE 

55 MANGANESE HYDROXIDE 

56 CALCIUM HYOROXIDE 

57 A l.UM I NUM htDROX ID r 
55 IRON hydROX IOE 

59 LEAD HYDROXIDE 

60 NICKEL HYOROXIDE 

61 COPPER HYDROXIDE 

62 ZIRCONIUM HYDROXIDE 

63 LIME <CAO> 

64 SILICON OtOXIDF 

65 SIL0XANE 

66 methyl SILANE 

67 DIMETHYL SIlANF 

65 mfThylOIChlOROSIl ANE 

69 methyltrichlorosilane 

70 DIMEThylDIChLO»OSILANE 


2.02 

28.01 

39.95 

32.00 

25.01 

44.01 
16.04 
36.46 
32.12 
66,56 

101.01 

133, MS 

169.90 
70.91 

13.02 
23.09 
53.99 

36.94 
40.05 

101.96 

65.95 
207.19 

79.90 
6a, 7i 
63.54 

141.96 
131.65 

123.22 
12.01 
69.62 

229.5m 

151.91 

95.5m 

40,31 

137.33 

117.17 
158.35 
125.84 
110.99 

133.34 
162.21 
276.10 
159.71 
129. 42 
134.4b 
233.03 
121 .65 

95.22 
102.97 

34.08 
27.67 

34.00 
77.95 
«6.0l 
68.9b 

74.09 

76.00 
39.66 

241 .20 
92.72 
97. 55 
159.25 
56.06 
60.08 
106.19 
46.14 

60.17 
1)5.04 
150.49 
129.06 


.0 
.0 
.0 
• 0 
• 0 
• 0 
.0 
.0 

.6339E- 
•7733E- 
2.929 
110.0 
242.0 
.0 
• 0 
• 0 
.0 
,0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
.0 
.9 
♦ 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 


so? 

95.00 

244,00 

0,0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

154.9733 


ELEMENTAL COMPOSITION, LB-MO/HR 

71 CARRON ( ci 12.01 

72 HYDROGEN I HI f*oi 

73 NITROGEN t N) u!q 

74 OXYGEN { 01 iVflfl 

75 SILICON (SI) gJ.JJ 

76 CHLORINE <CL) 35^5 

77 ARGON ( AR ) 19. RS 

73 phosphorus < p> 30 

79 BORON ( «, jS*;. 

50 CHROMIUM 1CR> 52.00 

31 MANGANESE <*N) 

52 CALCIUM CCAl 40.08 

83 ALUMINUM UL) ?*.9H 

34 IRON (FF J S5 35 

35 LEAD (PR, 

36 TITANIUM ITf I 47 . L 

37 NICKEL (Nil «a m 

33 COPPER (Cu, 

39 VANADIUM ( v, So!r4 

90 ZIRCONIUM (ZR, 91 

91 SULFUR , SI 32 ; 0 4 

92 ARSENIC (IS, 74 u2 

91 MAGNESIUM (mg, ?k \t 

total f l u« 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

•8024E-02 

.6212E-04 

1 .894 
56.18 
30.39 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


203 

90,40 

140,00 

0.0 


204 
69,40 
-20.90 
1 .0000 


205 

95,00 

-20,99 

1.0000 

0.0 

0,0 

0,0 

0,0 

0.0 

0.0 

109,3012 


206 

95.00 

244.00 

1.0000 


0.0 

0.0 

0.0 

0,0 

161,0092 


4.580 
» 8963f *02 

.0 

.0 

.0 

.0 

.0 

.3362F-02 

.1018 

.2725 

13.51 

4.511 

.196? 

.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


4,560 

.«9f>3£-02 

.0 

.0 

.0 

,0 

.0 

.3362E-02 
.1018 
.2725 
13.51 
4.511 
.1962 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 ' 

.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
,0 
.0 
>0 
,0 
,0 
,0 


.0 

42.23 

. 1 793 E -01 
.0 

18.67 

41.61 

.0 


.2766E-0) 
. I 1 36E-03 
• 0 
*0 
.0 
*0 
.0 

. 1 0 3 4 E - 0 2 
» 6366E -0 1 
.2516 
13.32 
4,439 
• 1 950 
*0 


.0 

42,23 
, 1 793 E -01 
.0 

16.67 
4 1.61 
.0 


• 0 
• 0 
.0 
.0 
,0 
.0 
.0 
.0 

. 3154 E -03 
. 1526 E -04 
1.035 
53.77 
161.6 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
• 0 
.0 
• .0 
,0 
.0 
• 0 
.0 
.0 
.0 
• 0 
.0 
.0 
*0 
• 0 
,0 
.0 
.0 
.0 
• 0 
.0 
.0 
.1 
,0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
• 0 


?Q7 

54.80 

214.00 

1.0000 

0.0 

0,0 

0.0 

0,0 

0,0 

0.0 

167.3044 


.0 

32.20 

. 2272 E -03 

.0 

18.32 
Hi . 15 
• 0 


• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 

.1690 
63.64 
785.9 
• 0 
• 0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
• 0 
.0 
.0 
• 0 
• 0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
.0 
• 0 
• 0 
• 0 
.0 
• 0 
.0 
.0 


200 
85,00 
21 7.99 
0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

166,9236 


*0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
*0 
.0 

.1533 

55.43 

589.9 

.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
*0 
.0 
.0 
. 0 - 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 

.0 - 
.0 
.0 
.0 
• 0 
.0 
*0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
• 0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
• 0 
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TAIU.R C- II : 1000 MT/YR COMMERCIAL PLANT 

(continued) STREAM CATALOG (ISSUE 1) 


SIrffAM 

pars sure, ns | a 

TC-otf , nj >, 

L JDU|n frag l ion 

F N T HAi ny . ST >f*m frMP 

PNTHAL^r « ?5F 

rtf if Of formation n.«»C 

MTOT s h#I - i?‘* » Hf 

hTOT » MDT - m?‘, ♦ Hi 

TOT Al SDi |ns FNThai.pt 


COMPOS |T ION. L :i -'iO/mO 


so, 20 

0 I 

*0 


?|C 
4 9.2 0 
|‘V,4 0 
1,0000 


(Ml . 

320.00 

152,40 

1 .0000 


2 i ? 

ft4,00 
ISA, 00 
1.0000 


213 

55,00 

152,40 

1,0000 


2 I A 

120.00 

l*»2.40 


2|5 
AS, 00 
ISA ,00 
1,0000 


► *l [U/Mrf 

0,0 


0,0 

0,0 

0.0 

0.0 

0,0 

0.0 

0,0 

, »• t . 1 /**5 

0.0 


0,0 

0,0 

0.0 

0*0 

0.0 

0*0 

0.0 

,<» Tu/*'5 

0,0 


0,0 

0.0 

0.0 

0,0 

0,0 

0,0 

0.0 

>»Tu/hH 

0.0 


0,0 

0,0 

0.0 

0,0 

0.0 

0,0 

0,0 

f*Til/4.'U*w 

0.0 


0,0 

0.0 

0.0 

0,0 

0,0 

0.0 

0.0 

1 4 T'J/HH 

0, p 


0.0 

0.0 

0,0 * 

0,0 

0.0 

0.0 

0.0 

< T 

1 l. 

',025/ 

- 132,0257 

132,0257 

1 34.045ft 

132.0250 

l 32*0258 

l 36,0458 

1 ■ 


37 Cho'omium TPICHLOOl^F lSH.15 

38 MANOANF.SE OIC-LOOinE l?S.«4 

39 CAlCI.im CnuOPinf tlo.RR 

<* o aluminum cmlO»tof m.i* 

4t FERRIC CMLnwtnF W, M 

*.? LEAD DICHLOrfinr 27^.10 

43 titanium TE TmathlOP l n E Imh.h 

44 N t C* EL C h LC* 1 DL l,’R.s2 

45 CUPRIC CHLORIDE I 3-. 44 

4ft ZIRCONIUM TFTPaCmlOPJOE 233,03 

4 7 VANADt'.M OtCML<V|OE 
4 A MAGNESIUM CMuno|TF P5.?2 

4p sulfur Diounpnr 102,^7 

50 HyPSOGEn SULFI^f 3*..0 j 

51 OIROPANf 27,^7 

5? Phosphine ia .00 

53 A«S1NE 77.44 

54 CHPOMIUM Hy 040* t Df R*.ci 

55 manganese Mvo40*inE R ^.»5 

5ft CALCIUM HYOPOMDE 74. OP 

57 ALUMINUM myonOMDE 75. Od 

55 IRON HYpWfUfDF RP.Rh 

55 LEAD hyopOaIOF 241.20 

ftO NtCSFL HTOMOxfOE 52.72 

ftl COPPER NYOWOAIOF 07.44 

ft? ZIRCONIUM HTOAOKn? 1S4.24 

63 LIME < r aO ) 4u.05 

ft 4 SIL ICON 0 1 0 f lOF 40,00 

ftS SlLOAANE 1 Oft. I 5 

ftft methyl SILANE 46,14 

67 DIMETHYL StLANF 40,17 

ft* METHY L 01CrtL0P05lL4NF 115.04 

65 METHYLTPlCHLOPOStLANF 150.45 

70 01meThylDIChl0»05ILANE 125,06 

ELEMENTAL COMPOSITION, lH-MO/hR 


.0 
.c 
. n 
. o 
,c 
• 0 

.1 


.0 

.0 

,o 

,n 

,o 

.0 

*o 

,o 

,o 

.0 

,o 

,o 

,o 

,o 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 


,0 
.0 
.0 
.0 
.0 
. 0 
.0 
.0 
.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 


,0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

,0 

.0 

.0 

.0 

.0 

.0 

.0 


.0 
.0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 

.0 
,0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
• 0 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 
,0 
.0 
.0 
*0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
• 0 


.0 
.0 
.0 
.0 
,c 
.0 
,0 
• 0 
*0 

.0 
,0 
.0 
• 0 
.0 
,0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
*0 
.0 


.0 
• 0 
.0 
* 0 
*0 
• 0 
.0 
.0 
.0 

• 0 
«Q 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
• 0 
• 0 
*0 


216 

85.00 

158.00 

1.0000 


1 

HYDROGEN 

2.02 

.0 

.0 

,0 

.0 

.0 

• 0 

#0 

.0 

2 

N1 T»OGFN 

2m, ft l 

. 0 

.0 

.0 

.0 

.0 

• 0 

• 0 

.0 

3 

ARGON 

35, 

,0 

.0 

.0 

.0 

• 0 

,0 

,0 

.0 

4 

OXYGEN 

32,00 

.0 

.0 

.0 

.0 

*0 

,0 

.0 

,0 

s 

CAPRON MONO* I Or 

28,01 

.0 

.0 

.0 

.0 

• 0 

.0 

.0 

.0 

ft 

CAPflON DIO* 1 UE 

44.01 

.0 

.0 

.0 - 

*0 

.0 

• 0 

*0 

.0 

7 

METHANE 

14,04 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

.0 

8 

hyDPOGEn CHiOPfDE 

34,46 

.0 

.0 

.0 

.0 

• 0 

• 0 

*0 

.0 

5 

SILANE 

32,12 

. 708 3 

.7083 

. 7083 

.3075 

,4005 

.3078 

*0 

.0 

10 

MONOChLOHOS 1L ANE 

ftft 5ft 

4.125 

4. 125 

4.129 

1.794 

2.315 

1.794 

«■ 94 1 9E*0? 

,94?8E 

1 1 

oichldposil ane 

101,01 

73.58 

73.58 

73.58 

30.56 

41.61 

31.97 

1,764 

\ , 766 

12 

TP1 ChlOPOSIlANE 

135.45 

ft 11 . 3 

41 1.3 

ft* 11 . 3 

220.1 

345,6 

265.6 

285.0 

285,3 

13 

SILICON TETRACHLORIDE 

145,50 

t J.5S 

13.55 

13.95 

40.52 

7.890 

6.063 

6,635 

6,842 

14 

ChlOPINE 

70.51 

.0 

,0 

.0 

• 0 

• 0 

• 0 

• 0 

• 0 

IS 

watfp/steam 

H.02 

• 0 

.0 

• 0 

.0 

• 0 

*0 

• 0 

.0 

1ft 

SILICON 

28.05 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

• 0 

W 

ChPOmIUm DIOXIDE 

8.3,55 

.0 

.0 

• 0 

.0 

*0 

.0 

• 0 

.0 

1* 

manganese DIOXIDE 

86,54 

.0 

.0 

• 0 

.0 

.0 

.0 

• 0 

.0 

15 

CALCIUM 

40.08 

.0 

.0 

.0 

.0 

.0 

,0 

• 0 

*0 

20 

ALUMINUM Ox I OF 

101.5ft 

.0 

.0 

.0 

.0 

.0 

• 0 

• 0 

.0 

21 

1 PON 

55 » 85 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

*0 

2? 

LEAD 

207.15 

.0 

.0 

.0 

• 0 

.0 

.0 

,0 

,0 

23 

TITANIUM DIOXIDE 

75,58 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

,0 

24 

NICKEL 

SR. 71 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

,0 

2S 

COPPER 

ft3 »S4 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

• 0 

2ft 

phosphorus pentoxide 

l 4 1 ,54 

.0 

.0 

.0 

.0 

.0 

• 0 

,0 

.0 

2? 

VANADIUM PENTOXtOE 

18T.SH 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

28 

ZIRCONIUM OIOXIOE ’ 

123.22 

♦ 0 

.0 

.0 

.0 

• 0 

• 0 

,0 

• 0 

25 

CAPRON 

12.01 

,0 

.0 

.0 

.0 

.0 

.0 

• 0 

,0 

30 

boo on oxide 

45,6 2 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

• 0 

31 

ARSENIC PENTOXIOE 

225.84 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

*0 

32 

iron sul fate 

151 .51 

.0 

.0 

.0 

.0 

.0 

• 0 

*0 

,0 

33 

cuprous o*ide 

55.54 

.c 

.0 

.0 

.0 

• 0 

• 0 

• • o 

♦ 0 

34 

MAGNESIUM OXIDF 

40.31 

.0 

.0 

.0 

.0 

• 0 

• 0 

.0 
• 0 
.0 

, o 

3S 

P-«OSPHnwrlS TRICHLORIDE 

1 37.13 

.0 

.0 

.0 

.0 

• 0 

.0 

• 0 

3ft 

ROPON TRICHLORIDE 

IW.I 1 

.0 

.0 

.0 

.0 

• 0 

.0 

.0 


,0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 

.0 
.0 
• 0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
,0 
• 0 
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CAPRON 

< O 

12.01 

.0 

.0 

. 0 

• 0 





7? 

73 

hyopogfn 

NIT Poor N 

C HI 
( N) 

1 .01 
1 4 ,0 1 

7 73. ft 
*0 

7 7 3 . 4 
.0 

773.6 
< 0 

2bH,6 

• 0 

437,5 
• 0 

• 0 

1.36,2 

• 0 

268.6 

.0 

28«,9 

74 

OxygFn 

( OI 

1ft. CO 

.0 

. 0 

• 0 

* 0 

• 0 

.0 

• O 

75 

7ft 

77 

SILICON 

CHLORINE 

ARGON 

• 51 I 
(CL) 

( A R ) 

25.09 
15.46 
3 9, NS 

70 J.ft 

204 | , 

* O 

70 1.6 

?04l . 

, 0 

703,6 
2041 . 
. n 

29 3.6 
885,9 

397.9 

1154, 

* .0 
305.7 
886. R 

,0 

293.6 

885,9 

,0 

293,9 

886.8 

7 A 

79 

phosphorus 

R9»DN 

( o> 

I 8) 

10.57 

10.81 

.0 

.0 

.0 

, 0 

. u 
.0 
. 0 

!o 

« 0 
• 0 
*0 

.0 

.0 

• 0 
• 0 

.0 
• 0 

80 

rnoow I mu 

(DPI 

S2.00 

.0 

. 0 

, 0 

• 0 

, n 

.0 

,0 

, 0 

81 

MANGANESE 

I W N! 

84 

* 0 

. 0 

• 0 

* u 

• 0 

• 0 

.0 
• 0 

,0 

, 0 

8? 

C Al Cl JM 

(C Al 

*, 0 • 0 M 

.0 

.0 

. 0 

• 0 

♦ 0 
A ft 


.0 

83 

ALU-lNtiM 

( Al.I 

?S.9R 

. 0 

.0 

♦ 0 

, 0 

• u 
- ft 

. 0 

,0 

.0 

84 

IRON 

l rr j 

SS.RS 

.0 

.0 

.0 

• 0 

• VJ 
. 0 

, 0 
A 

« 0 

,0 

85 

L* AD 

(OR) 

207, 1>I 

. 0 

. 0 

* 0 

. 0 


• 0 
.0 

A 

.0 

.0 

8ft 

T ITANIUM 

(Tp 

4 7.10 

.0 

.0 

♦ 0 

* 0 

• 0 
* 0 

« 0 

.0 

87 

N tO*E.. 

f ftl | > 

88.71 

• <3 

.0 

. 0 

. 0 

• 0 

. 0 
A 

« 0 

.0 

88 

C1°°F R 

iru> 

4 l , S 4 

.0 

.0 

.0 

, 0 

„ ft 

* 0 

• 0 

.0 

89 

90 

VANADf M 
7 IRCONI'iw 

( V) 
( ?R) 

so . JM 
4 1 ,-V 

.0 

.0 

.0 

.0 

.0 

# 0 

.0 
* 0 

« u 

.0 

. 0 
.0 

. 0 

,0 

• 0 
.0 

91 

S It. FUR 

( S) 

3? ..16 

.0 

. 0 

* 0 


. 0 
.0 

.0 

.0 

.0 

9? 

A h s r N ! C. 

(AS) 

>8 

. c 

. 0 

* 0 

*0 

,0 

.0 

.0 

93 

MAGNESIUM 


?4 . 1 | 

, 9 

. 0 


A 

* 0 

.0 

« 0 

.0 


total flow 



/I) ».ft 

70 «.6 

703,6 

• 0 

293.6 

.0 

397.9 

.0 

305,7 

.0 

29.3.6 

.0 

291,9 


ir 


TABLE C-II: 

(continued) 


J000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 1) 


nu^he# 

pressure, psia 

tempi mai , oeg f 

L. I )'MO ¥ *iC T |-)M 
f ntmm hv « stream ir^.nTu/mi 

TNTMAI ,-»T « 2SC .H/U/mR 

meat nr formation i?xc i hfu/mR 
•iMf t mat - n?s * nr ,»uij/mr 

M!>r * m#t - H?«, . nf ,rttU/L»UHO 

tnTAc SOlJOS ENTHALPY ,ruj/hh 
AVERAGE MOLECULAR *EIC>hT 

COMPOSITION. lR"H0/m» 

l MYnPOGfU ?*0? 

? Nfronr.ru ?R,Ol 

1 ARGON 39,95 

* OA>r,Fv ia.'oo 

N CAP80N mONOMOF 2H.01 

n caoron o r ox roe 44,01 

7 -FTMANF 1 <s , 04 

« hydrogen cmloptoc 'In.t.A 

^ s u ANf M.l? 

in konochlooosiianf ftf»,S6 

u oicmlonosilanf 101.01 

1? TOtCMi.oo0Sn.AVF 13S.4S 

13 SktCON TCT»AC'MLOoir>F 169,90 

14 CMl.O»|N| 70,31 

is xatfo/steam ia,02 

IN SILICON P4.04 

1? CMOOMiitH nioxme 83,99 

1R MANGANESE OIOXIOE 86,04 

19 CALCIUM 40*0« 

20 aluminum oxiOE 101.06 

21 tons ss.«5 

?? LEAO 207.10 

23 titanium omxine 7*.oo 

?“ *\C*n S8.71 

?S COPPER ft3tS 4 

?6 PhOSPmOR'JS PEnTOUOF. 1 4 1 , *34 

?? VANAOtUM PEVTOXine 181,88 

2« ;rocovpiM otoxtoe 123.22 

29 C APRON 12,01 

30 RO»ns ox ICE 69, *42 

31 APSENIC PENT0X10E 229.64 

32 NOV SULFATE 151.31 

33 CUPROUS 0X10E 95.54 

34 MAP.VESIIJM OXIDE 40*31 

35 PhosPmppus TP I Cw| OK 1 Of 137,33 

3* HOP0N TP | CHL 09 1 Of 117,1? 

37 Chpomujm TPIChlOPIOE 158,35 

38 MANOAVFSE ClCMiOPIDE 125.84 s 

39 CALCIUM CmlOPIOE 110. 9p 

40 Aluminum CmlOMIOF 133. 1h 

: ' -L TP 1“.E 162. PI 

42 L E A 0 OIChlOpIOF 278, |0 

*»3 TITANIUM TETPACmloPIOE (A v , 7 | 

44 NtC<El CHlOpIO^ 129,62 

45 Cupp ( C CH L o»toE 1.34 ,<.s 

44 7. t PC f >N I t.iM TETPACMi.OPtOE 233.03 
47 VANACIhm OlCMLOPfOE 121.85 

4R M A r,sFRIUM CHLOPtOf PS ,22 

49 SUNUP ni.CHLOPtOf 102.97 

50 MfOPOf.FN 5ULF10F 34.08 

51 0 1 ROW A ME 27,6? 

S? Phosphine 34.00 

53 APS IMf ??i ^ s 

54 C^onnluM HtOPOXIOE 86.01 

55 MANGANESE nrCPOxlOE 68,95 

56 CALC! i“ htOPOaICE 74.09 

57 aluminum nyowOMOF 78.00 

54 NON H'CPOAtDE 89.84 

59 LEAD m>mmox|OE 241,20 

60 NirxtL M rQPOx I Of 92.72 

61 COPDEP MYO«OXtnE 97.55 

62 7 [ PCON I l.'M HYC c 0X 1 OF 159.25 

63 LtMF (CAOI 56. 08 

64 sturov oioxior 60.o« 

65 SlLOXANf 106.19 

66 METHYL SILANE 46.14 

6 ? H l M f T myl S I L ANF 60.17 

68 meThylHI ChlOPOSIL 4nE 115.04 

69 methyl T« ICMLOOOSILANF 150.49 

70 OIMFTHYLOICHLOPOSILANE 129.06 

ELEMENTAL COMPOSITION. Lrt-MO/HR 


21? 

319,90 

327.00 

1.0000 

0.0 

0,0 

0.0 

0.0 

0.0 

0,0 

I 35,842.1 


.0 
.0 
.0 
.0 
.0 
.0 
• 0 
,0 
.0 

.5152f«0l 

9,056 

1035. 

21.83 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

,0 

.0 

.0 

.0 

.0 

.0 


218 

320,00 
12 7.61 
0,0 

0,0 

0,0 

0.0 

0,0 

0,0 

0,0 

1 .16, 7926 


.0 
.0 
• 0 
.0 
.0 
,0 
.0 
• 0 
• 0 

.4? 1 0E>0 1 

T.?O0 

?49,8 
14,99 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
,0 
• 0 
*0 
.0 
• 0 
• 0 
.0 
.0 
,0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 


2 I ‘7 

316.10 

267,31 

0,0 


221 

3 1 4.00 
249,80 
1,0000 


222 

660.00 

249,80 

UOOQO 


?»4 

648.00 

122.00 
1,0000 


,0 

,0 

.0 

.0 

.0 

,0 

.0 

.0 

4. OH? 
74,17 
346,2 
63,49 

,20791-01 

.0 


.0 
.0 
.0 
,0 
.0 
• 0 
.0 
.0 

3.409 

61,93 

2H9.1 

44.47 

. 1736E-01 

.0 


.0 

*0 

,0 

.0 

.0 

.0 

.0 

.0 

4.C8? 

?4. I 7 
346.2 
53.49 
.2079E-01 
.0 
.0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
♦ 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 

!o ~ 

• 0 
.0 
.0 
.0 
.0 
.0 
*0 


,0 
.0 
,0 
,0 
.0 
.0 
♦ 0 
.0 

.6734 

12.23 

57.10 

8.824 

.3429E-02 

.0 

.0 


*0 
.0 
,0 
.0 
.0 
,0 
,0 
• 0 

.6734 
12.23 
57.10 
8.824 
• 3429E-02 
.0 
• 0 
.0 
• 0 
• 0 
• 0 
.0 
.0 
• 0 
• 0 
• 0 
*0 
.0 
,0 
• 0 
.0 
• 0 
• 0 
• 0 
• 0 
.0 
*0 
• 0 
• 0 
• 0 
,0 
• 0 
.0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
• 0 
• 0 
,0 
• 0 
• 0 
• 0 
• 0 
.0 
.0 
• 0 
• 0 
• 0 
• 0 
• 0 
• 0 
.0 
• 0 
• 0 
• 0 


71 

C AP PON 

1 Cl 

12.01 

.0 

.0 

A 





?2 

73 

MYOROoFN 

NtTPOSFN 

1 HI 
( N) 

1.01 
1 4 , 0 1 

10S3. 
• 0 

764,5 
« 0 

984.6 

• 0 

822.2 

♦ 0 

9 .4.6 

• 0 

162.4 

.0 

162.4 

7 4 

Oxygen 

1 01 

16,00 

.0 

.0 

• 0 

• 0 

.0 

*0 

.0 

75 

76 
7? 

SILICON 
CHLORINE 
A PC, ON 

161) 

tru 

(API 

28.09 
3$. *5 
39,95 

1066, 

3211. 

*0 

772.2 

2324. 

• 0 

• 0 

477 . 9 

• 0 

399.1 

774.1 

• 0 

477,9 

927,0 

.0 

.7R.84 

152,9 

• 0 

78.84 

152.9 

78 

PHOSPHORUS 

1 PI 

30.9? 

• 0 

.0 

• 0 
A 

.0 

• 0 

.0 

• 0 

79 

MORON 

1 HI 

10.81 

*0 

.0 

• V 
. A 

• 0 

*0 

• 0 

• 0 

80 

ChRQH I < )M 

ICR) 

82.00 

• 0 

* 0 

• U 

A 

■ 0 

.0 

• 0 

• 0 

81 

manganese 

(MN) 

54,94 

.0 

* 0 

• u 

A 

*0 

. 0 

• 0 

• 0 

8? 

CALCIUM 

1 C A 1 

40.08 

*9 

, o 

• 9 

. A 

• 0 

.0 

• 0 

.0 

83 

aluminum 

1 AL 1 

26.98 

, 9 

* 0 

. A 

. 0 

,0 

.0 

• 0 

84 

t -»nv 

ircj 

65.85 

.0 

• 0 

• U 

* 0 

. 0 
ft 

, 0 

.0 

• 0 

85 

LFAO 

1P8I 

207.19 

• 0 

, o 

• 0 

, 0 

• 0 

.0 

• 0 

86 

T ITANIUM 

ITM 

47.90 

,0 

. 0 

- n 

. 0 

• 0 

,0 

• 0 

87 

NICMFL 

INI) 

58.71 

• 0 

• 0 

t V 
♦ 0 

• 0 
ft 

• 0 

• 0 

.0 

8 8 

COPPER 

<r ji 

6.1.54 

• 0 

• 0 

0 0 

* u 

. n 

.0 

.0 

• 0 

89 

VANAOIum 

1 V) 

50. 9<* 

• 0 

.0 

• 0 

ft 

• 0 

.9 

.0 

90 

2 toroNpiM 

<?R) 

91 .22 

• 0 

*0 

. 0 

. u 

• 0 

.0 

• 0 

01 

SUL E UP 

1 SI 

32.06 

• 9 

*9 

» 0 

*0 

* 0 

,0 

• 0 

92 

ARSENIC 

(AS) 

74.92 

, 0 

,0 


A 

• 0 

.0 

• 0 

93 

magnesium 

(MU) 

24.31 

• c 

. 0 

• y 

* ft 

* 0 

• 0 

*0 

• 0 


TtTai riov 


1066. 

7 72.2 

* u 

4/ 7 

* 0 

399. 1 

.0 

4/7,9 

.0 

7 8 , 8 4 

.0 

78.84 


C-ll 


TARf.n C-II: 1000 MT/YR COMMERCIAL PLANT 

(continued) STREAM CATALOG (ISSUE 1) 


I’ftf SsiipF , .'-S | A 

rcwPl* p a r ■«.»- • • i- . , f 

l. I ')"|0 r JArT |fi. 
r *i r •• %i f’t i st« r.\M n -u r j/«.# 
FNf«AI>’r ^ .'v" , I r / «J 

rtf nr rnuMATjoN , »., f , .» \ f/ 

H T O T S Mjir * .«2S ♦ H, * •! T 1 1/ HI# 

MMT ff HAT - >1 ?'* I H( t *• T j/i. M-M] 

TOTAL S Cm. 1 0 S f. N 1 H * , .1 f , H fu / *W 

A VF 9*r,r MOifCmAf.* ,» |V*T 

CO«POS|l ION. L'*-mG/hP 

| wyrujOSF*, 

? N|T*0"iFn r’rt.Ol 

3 ARC.ns V» f iS 

<t OKTAt'S IP. 00 

s f APRON «(WO«IDF 26.01 

h CAP ROn motive ‘•*.*>1 

7 mftmanf 16 ,g»* 

« hyopogfn CMl.OWl^r 3b, 4b 

9 StlANF 32,12 

10 MONOCHLOPOSIl. ANfc 66.56 

1 1 OlfHl OOOSIl. ASF 1 01 .01 

IP TP ICMLOtfOSK ANF 135.46 

n SILICON TFTOACMLfWIOF 164.90 

IA ChlO^INE 70.41 

is WATFM/STEAM 1 m. o? 

16 SILICON ?A.04 

17 Chqomihm OI or JOE SI. 44 

is MA N r,ANfCE OIOMOF flb,94 

is Cal Cl u* so,0". 

20 ALUMISNH OXIDE lot ,*>h 

?1 I "ON SS.HS 

2? L c AO 207. r-J 

?1 TITANIUM OI O* IOC 74.40 

26 Nir<FL SS.7J 

2S COOPEP 61.Su 

?s phosphorus pEnto*! 1 '*: Ul.i- 

27 VAN AO 1 1 iv prsTOMOE IHI.^H 

2S 1 1 oCOn I u m DIOXIOE 123.22 

29 Caprdn 12 . 0 I 

30 0)00*1 rnjoE 

31 ARSENIC PFNTOM OE 224. hu 

3? 1 40s ^ui . cate 1S1.41 

33 CUPROUS 0 x I OE 4S.Su 

36 magnesium 0 * IOF *0, n 

35 PhoSPmOpus TwIChlowIoe 137,33 

36 PiJPON fPICMLOOnr 117.17 

17 CMPOMfiiw TO I Chi. )P I OF 1SS.1S 

3« manSAnFsE 0 IC M l do ! OE 126.94 

34 CAI.CI i« ChlOhIOf 110.44 

60 aluminum ChlC-41'ie ni.iu 

ul FEOOI'T CMLOkJ^c 1^2.21 

42 LEAO 0 1 r mi_ 00 | ■*.’<■ 27s. 10 

4 1 TITAMplM T^TwaCmi ORt n f l >N, 7 | 

6 *• N I f* * F ^ rM L )o [ rt 

6 S C'JPO t c CMLOOI^F liu.uS 

46 ?tP0O'Jli :M Tf TP A "m/w I op 2 3J.0J 
4 7 VAMAf>t!U <, | C-.I GO I op 121. «S 

4S ma,;nfs1u« C-LOApr 4S.22 

44 S H.FU4 !>ICmlO« IOF 102.47 

50 Mr r.C'n-,r^ SULCIOE 3 a.os 

51 OlSOWANE 27,67 

52 phosphine 34.09 

53 APS l M* 77.4S 

54 fHOOMIUM HYOPOXtOE R6 » 0 1 

55 man&AnF.SE MTOPOxIOE «d.4S 

56 CALCIUM HrQPoxtOE 7u.09 

57 ALUMINUM htOkO x | OE 7H.no 

SR [JON HVOffOMO*. 4 9.M6 

59 l.FAO HYDRO * 1 OE 24|.20 

60 NICKEL HYOPOxtOE 42.72 

61 C0P°F9 hYDPOXIDF 97, SS 

62 7 IOC ON I !»M myopOxIOE IS 4.2S 

63 LIMP (CAO) Sh.OK 

64 SILICON 0 1 Ox IOF 60. OM 

65 SILOXANF 106,14 

66 MCTHYL SIlANE 46.14 

67 OtMCTMtL S II ANF 60,1 ? 

6fl Mf T mylOICmlOPOSIl ANE IIS.Om 

64 MFTHYLTotCHLOyOStl. ANF ISO. 44 

70 DIMrTHYLOICHLO»OSILANE 129.06 

ELEMENTAL COMPOSITION. L^-mq/mp 


2?S 
U‘0,00 
267,0) 
l ,0000 

0,0 

0.0 

0,0 

0,0 

0,0 

0.0 

l 10. 721 fl 


226 

J60,00 
26 / , 0 1 
1,0000 

0,0 
0 , 0 
0,0 
0,0 
0,0 
0.0 

I 10,7222 


.0 

.0 

*0 

.0 

.0 

.0 

.0 

.0 

,36S7E«04 
, 1 04 St - 02 
.2690L-0? 
,2RS2t-02 
.781HE-04 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 


230 

3SS.10 

•?*>,?! 

0,0 


231 

356,10 
*25, 7 l 
1. 0000 


23 ? 

360,00 
*25.71 
1 ,0000 


233 

376.10 

- 26,71 

0,0 


21J.0J 

.0 

~» 0 

.0 

.0 

* 0 

1 21 ,*>S 

,0 

.0 

.0 

.0 

.0 

9S.22 

.0 

.0 

.0 

.0 

. 0 

1 02.97 

.0 

.0 

.0 

.0 

• 0 

34 . os 

.0 

.0 

.0 

.0 

,0 

27.67 

.0 

.0 • 

.0 

.0 

.0 

34.00 

.0 

.0 

.0 

.0 

.0 

7 7 , 9S 

.0 

.0 

.0 

.0 

• 0 

*6.01 

.0 

.0 

.0 

.0 

• 0 

«d .46 

.0 

.0 

.0 

.0 

• 0 

7u .09 

.0 

.0 

.0 

.0 

• 0 

7S.0O 

• 0 

.0 

.0 

.0 

* 0 

A 9 , « 6 

• 0 

.0 

.0 

.0 

« 0 

241 .20 

.0 

.0 

• 0 

.0 

,0 

92.72 

.0 

.0 

.0 

.0 

• 0 

97. SS 

.0 

.0 

.0 

• 0 

. 0 

169. 2S 

.0 

.0 

.0 

• 0 

. 0 

56 ,04 

.0 

.0 

.0 

.0 

.0 

60.06 

.0 

.0 

.0 

.0 

* 0 

106.19 

.0 

.0 

.0 

• 0 

• 0 

46, 1 4 

,0 

.0 

.0 

• 0 

• 0 

60.1 7 

.0 

.0 

• 0 

• 0 

• 0 

l IS, 04 

♦ 0 

.0 

• 0 

• 0 

• 0 

ISO. 44 

.0 

.0 

.0 

.0 

• 0 

129.06 

.0 

.0 

.0 

.0 

.0 

LP-MO/MM 






12.01 


.0 

• 0 

.0 

• 0 

1 .01 

1 is.1 

.11ME-Q1 

47.30 

151,4 

46.83 

14.01 

.0 

.0 

.0 

• 0 

• 0 

16.00 

.0 

.0 

.0 

.0 

• 0 

?y . 09 

6/. 01 

, 67 0 IE *02 

11 . D2 

3 7.04 

11*71 

3S.4S 

l S2 . 9 

,|S29fc-01 

• 0 

.0 

, 0 

39.9s 

.0 

.0 

.0 

.0 

• 0 

30.47 

.0 

.0 

.0 

• 0 

• 0 

10.61 

.0 

.0 

.0 

*0 

• 0 

* ; 2.0 0 

.0 

.0 

.0 

.0 

• 0 


234 

376,10 

126,00 

0,0 

0,0 

0,0 

0.0 

0,0 

0 , 0 - 

0.0 

32,1179 


.■v.4. V -it 
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TABLE C - II : 1000 MT/YR COMMERCIAL PLANT 

( continued ) STREAM CATALOG (ISSUE 1 ) 


STREAM 

pressure , | A 

rrMproATj»F. oe i, r 

UO'tpi r pact | on 

rsT»iAi pr *> s r hf am rrn(»,HT'i/HM 

Ent^ai ft y i 2^0 ,«T 

HfAT Of FORMATION «?ftf.4W/MR 
Mtor - mst - h?s , nr , mTu/m* 
HTot * HCT - M?S ♦ »F i ft I U / L ' l«MO 
TOTAL SOlIOS ENTmALPt . ftfij/HR 
AVE^Ar.r MOLECULAR UflfiMT 

COMPOSITION* LR-^OA'U 


235 ?m ?ih 



60,00 


320,00 


85,00 


55,00 


126,00 


327*51 


15ft. oo 


217.99 


0,0 


1,0000 


1,0000 


1,0000 

0,0 


o.o 


0,0 


0,0 


0.0 


0.0 


0.0 


o.o 


0.0 


0,0 


0,0 


O.o 


0.0 


0,0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0*0 


o.o 



V.IIN 136,0456 1 3b* 045r> 16A.5076 


2 39 2b0 ?4? J»0 



160,0' 


354,10 


160,00 


160.00 


267,01 


•25, 7 1 


267,01 


267.01 


1 ,0080 


0,0 


1,0000 


0,0 

0,0 


0.0 


0.0 


0,0 


0,0 


0,0 


0.0 


0,0 


0.0 


0,0 


0,0 


0,0 


0.0 


0,0 


0,0 


0,0 


0,0 


0,0 


0.0 


0.0 


0,0 


0,0 


0,0 


0,0 



11 0 * 7 ? | ft 12 . 1)79 1 0 ? » 8 H 3 A 9?. 0781 


1 MrOOOf.FN 

2 NITROGEN 

3 A BOON 

4 QXYGFN 

5 CAR80N MONO* t OF 

6 C APRON DIOXIDE 

7 METHANE 

ft HYDROGEN Chl OR 1 OF 
9 StLANF 

10 monochlorosilane 

11 ditmlobosil ane 

13 TatCMLOPOMLANF 

H SILICON tetpachloriof 

14 CHLORINE 

15 W.TFK/STEAM 
lb SILICON 

’ "* CHROMIUM DIOXIDE 

h manoanfse dioxide 

19 CALCIUM 

30 aluminum OXIDE 

21 PON 

22 LEAD 

33 TITANIUM DIOXIDE 
>'* NICKEL 

25 COPPER 

26 phosphorus rentoxide 

27 VANADIUM PENTO*IOE 

28 ZIRCONIUM DIOXIOE 

29 CAPRON 

30 R0O0N O* IDE 

31 ARSENIC PENT0XI0E ■“ 

32 I PON SULFATE 
13 CUP90US OXtDE 

34 magnesium OXIDE 

35 PhosPH()PUS Tp I chlor t np 

3s moron trichloride 

37 CHO0MJUM TRICHLORIDE 
3R makjgasjESE D I C H LOR I OF 
3r C4lc Ivjm Chloride 
bO ALUMINUM CHLORIDE 
bi FPRPtc Chloride 
b2 LEAD OICMLORIOF 
A3 TITANIUM TETRACHLORIDE 
<*b NICKEL f ^lO® t f ' r 
b5 C'JRRlC CHlOPJOF 
as ZIRCONIUM TFTRAChlOPIOE 
a 7 vanadium oi chldrjde 
bfl magnesium ChLOoiOE 

49 S Ji.ruP U lCHl.no IDE 

50 MTDBOGFN SUl F'l n F " 

51 DIPORAV'E 

s? PHOSPHINE 

S3 A9SJNE 

5b Chromium HYDROXIDE 

55 manganese hydroxide 

56 CAf.ciUM mydpQx 10E 

5 7 aluminum hydroxide 

5ft I RON M yO«OX f OE 

59 LEAD HYOROXJUE 

60 NICKEL HYDROXIDE 

61 COPPER HYDROXIDE 

62 ZIRCONIUM HYDROXIDE 

63 LIME ICAO) 

6b SILICON OI OX IDF 

65 SILOXANF 

66 methyl SILANE 

67 dimethyl SIlanf 

6ft mETHYlOIChlOPOSIl anf 

69 HETNYLTR1CHL0R0SILANE 

70 OImeTmylOIChlOROsilaNE 


2 

.02 

2ft 

.01 

39 

.95 

12 

.00 

28 

.01 

64 

.01 

16 

.04 

36 

» b6 

32 

.12 

66 

.56 

101 

.01 

135 

.45 

169 

* 90 

70 

.91 

1H 

.02 

28 

.09 

83 

.99 

86 

,9b 

40 

.0« 

101 

.96 

55 

.85 

20? 

.19 

79 

.90 

5ft 

.71 

63 

,5b 

141 

.9b 

181 

.86 

123 

.22 

12 

.01 

69 

.62 

229 

, ftb 

151, 

.91 

95, 

,5b 

40, 

.31 

137, 

,33 

117, 

,17 

ISd , 

,35 

125, 

, ft 4 

110, 

,99 

1 3 J < 

,3b 

162. 

,21 

278, 

,10 

1 89, 

, M 

129, 

,42 

1 3b, 

bS 

233, 

,03 

121 . 

85 

9ft, 

22 

102. 

9? 

3b. 

OH 

27. 

6? 

3b, 

00 

77. 

95 

86. 

01 

88. 

95 

7b. 

09 

78. 

00 

89. 

86 

241. 

20 

92. 

72 

97. 

55 

159. 

25 

56. 

08 

60. 

08 

106. 

19 

46. 

lb 

60, 

17 

115. 

0b 

150. 

49 

129. 

06 - 


Elemental COMPOSITION* LR-mo/mP 


.0 

.0 

*0 

.0 

.0 

.0 

.0 

.0 

11.82 

.0 

.0 

.0 

.0 

.0 

*0 

.0 

.0 


.0 
.0 
• 0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 
*0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
*0 
. 0 
.<1 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
*0 
.0 
*0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 


.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 

.942HE-02 

1.766 

285.3 

6.842 

• 0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
,o~ 

.0 

.0 

.0 

.0 * 

.0 

.0 

.0 

.0 - 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 


.0 
• 0 
.0 
*0 
.0 
.0 
• 0 
*0 
• 0 

.9428E-0S 
• l 766F -02 
.2853 
• 6Q42F "02 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
.0 
*0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 - 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
*0 
.0 
.0 

.0 — 

.0 

.0 

.0 

.0 

.0 


*0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

•1568E-01 
8. 215 

196.1 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

*0 

*0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0* 

.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 

.0 - 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 


.0 
.0 
.0 
.0 
• 0 
• 0 
• 0 
.0 

• 3657 
10.65 
26.90 
28 . S 2 
.7818 
.0 

.0 

.0 

.0 

.0 

.0 

• 0 
.0 
• 0 
.0 
*0 
*0 
• 0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
• 0 
.0 
*0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0- 
.0 
.0 
.0 
• 0 
.0 
*0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 


.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 

.1182 

.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 

.0 - 

.0 

.0 


• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
J) 
.0 
.0 
.0 
.0 
.0 
» o - 
.0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 


• 0 
• 0 
• 0 
.0 
• 0 
.0 
• 0 
.0 

3.666 
27.0? 
45.11 
38*64 
.9320 
• 0 
.0 
• 0 
• 0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 

* j 
.0 
.0 
.0 
.0 
.0 

• 0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 


.0 
.0 
.0 
,0 
.0 
.0 
• 0 
.0 

3.:oo 
16.62 
18.21 
10.32 
.1501 
• 0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 
• 0 
• 0 
.0 
• 0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
• 0 
.0 
.0 
*0 
• 0 
.0 
*0 
.0 
.0 
• 0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 

.0 

• 0 
• 0 
.0 
• 0 
.0 
.0 
• 0 
.0 
.0 
• 0 
• 0 


71 CARftON 

< C> 

12.01 

• 0 

.0 

72 HYDROGFN 

( M> 

1.01 

47.30 

288,9 

73 NJTPOGFN 

( N) 

14.01 

• 0 

, o 

7b OtYGfN 

( OI 

16,00 

• 0 

.0 

293,9 

75 SILICON 

(511 

28.09 

11. M2 

74 CHLORINE 

(CD 

35.45 

.0 

8H6.H 

7? ARGON 

( AR) 

39,95 

.0 

, 0 

78 phosphorus 

( P) 

30.97 

.0 

, 0 

79 RQRON 

( m 

10.81 

.0 

.0 

ftO CHROMIUM 

(CR» 

52.00 

.0 

, o 

81 MANGANFSE 

(MN> 

54.94 

,0 

.0 

82 CALCJum 

CCA > 

40.08 

.0 

.0 

83 ALUMINUM 

(AL) 

26.98 

.0 

* 0 

8b I PON 

IFF) 

55.85 

.0 

.0 
• 0 

85 IE AO 

(Oft) 

207.19 

.0 

86 TITANIUM 

(Til 

47.90 

• 0 

.0 — 

8? NICKEL 

(Nt) 

58.71 

.0 

, o 

88 COPOEP 

(CU) 

63,54 

.0 

• 0 

89 VANADIUM 

( VI 

50,94 

, 3 

• 0 

90 ZIRCONIUM 

(79) 

91.22 

.0 

. 0 

91 sulfur 

( S) 

32.06 

• 0 

» 0 

92 ARSENIC 

(AS) 

?4,9? 

.0 

.0 

93 MAGNFStUM 
TOTAL f low 

(Mr,) 

24. 11 

.0 

1 l.«2 

.0 

293.9 


.0 

.0 

.0 

• 0 

• 0 

• 0 

.2889 

8.246 

ns, i 

,b730 

224.9 

109.8 

.0 

.0 

• 0 

.0 

• 0 

• 0 

.0 

.0 

• 0 

.0 

• 0 

.0 

.2939 - 

204.3 

67. 01 

* .118? 

115.6 

48,61 

• 8868 

808. y 

152.9 

• 0 

237.5 

84.61 

,0 

,0 

.0 

• 0 

• 0 

• 0 

*0 

.0 

,0 

• 0 

.0 

• 0 

,0 

.0 

.0 

• 0 

• 0 

• 0 

*0 

. 0 

.0 

• 0 

• 0 

• 0 

.0 

,0 

.0 

.0 

• 0 

• 0 

, 0 

* 0 

.0 

• 0 

• 0 

• 0 

,0 

.0 

.0 

• 0 

• 0 

• 0 

,0 

.0 

.0 

.0 

• 0 

.0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

. 0 

.0 

• 0 

.0 

• 0 

• 0 

* 0 

.0 

.0 

• 0 

• 0 

.0 

, 0 

.0 

.0 

.0 

• 0 

• 0 

• 0 

*0 

• 0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

• 0 

.0 

« c 

.0 

.0 

• 0 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

.0 

.0 

-0 

.0 

.0 

• 0 

.2939 

20b. J 

67.01 

. 1 t«2 

l 15.6 

48.61 


C-13 H'iGlNAL PAGE 1S» 

OF POOR QUALITY 


■ 'WT" 






T ' I ' i ummvm mm l yi i .m.i ii f 
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1 1 A '!■■*. M • • 

I I !" I < • -:\ t i • 

I N1"*l •’> . M... A*. I | • 

I N 1 •• Ai *' i » ,*• , , | , , , i 

Ml «t pi * .I.M.A | j . v | 

*<l W * H#1 .... 

"HI • . ... .,11., , .. 

1 MAI •„». | .j)MAi ,«» ...... 

A V) A id M 1 1 I i .I. A *( I ... I f 

( I J ,1 V. t .1 Ml .... 


TAKi.r i:- 1 1 : 

( i'o n t i urn'll') 


1000 MT/YR COMMHRCIAI. PI, ANT 
STRFIAM oatajxh; jissiii: 1) 


• 0,1 

. 0 0 


0 . <' 
o, 0 
0 « 0 
l' , 0 
It , it 
0,0 


t.’« 1 1 /*» 


0,0 
0. * 
0.0 
0.0 
O.o 
0.0 


I'M 

,’0.00 

I v .. , tl '0 

0. ' 


10. >’•** I 


0.0 

u.o 

0.0 

0.0 

0.0 

0,0 


to I 
.'0,00 
1 1 l-j.-w 
0.0 




o.o 
0.0 
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1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 1) 
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77 
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3 0 . m 7 

79 
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62. 00 

ftl 
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8? 
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83 
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ftN 
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*S 
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(P9) 
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ftft 
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87 

NIOFl 
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8ft 
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89 
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0 
0 
*0 
.0 
*0 
• 0 
*0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


10.03 
. 1 770P-01 
.0 

. raS<, 

Ol 

.0 

.0 

.0 

.c; 

.r, 

.0 

.0 

.0 

.0 

.0 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 


0,0 

0.0 

0.0 

0.0 

0.0 

0.0 


tbOQ 
1 60, 00 
77.00 
0.0 


1601 

160.00 

77.00 

0.0 


39.9N80 


.0 

.0 

l.OftN 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
• 0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 


.0 

.0 

.0 

.0 

.0 

.0 

1.96a 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 

1 .Ofta 


0.0 

0.0 

0.0 

0.0 

o.o 

0.0 


39.9N80 


.0 

.0 

2 . 0N6 
.0 
.0 
.0 
.0 
*0 
.0 
.0 
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.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
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.0 
.0 
.0 
.0 
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.0 
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.0 

.0 
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• 0 
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tab in c-iii 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPFRTIHS FOR PROCESS STREAMS (ISSUL 1) 


STREAM NUMBER 

TEMPERATURE* OEG F, 
PRESSURE. PSIA 
LIQUID FRACTION 

viscosity, centipoise 

THER.COND. ». 8TU/HR-FT-F 
DENSITY. LH-MOLE/FT**3 ■ 
SURFACE tension, oynes/cm 
PRANDTL NUM8ER 
OEW PT. / 6U88LE PT..F 
ENTHALPY. BTU/L8-M0LE 
SPECIFIC HEAT. 8TU/LB-M0-F 

flow • enthalpy, stu/hr 

COMPOSITION. L8-M0LES/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 monochlorosilane 

11 oichlorosilane 

12 trichlorosilane 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/WATER 

16 TOTAL MOLES 


STREAM NUMBER 

TEMPERATURE. DEG F, 
PRESSURE* PSIA 
LIQUID FRACTION 

viscosity, centipoise 

THER.CONO* . BTU/HR-FT-F 
OENSITY. L8-M0LE/FT**3 
SURFACE TENSION, DYNES/CM 
PRANDTL NUMBER 
DEW PT * / BUBBLE PT..F 

ENTHALPY, BTU/LB-MOLE 
SPECIFIC HEAT. BTU/L8-M0-F 
FLOW * ENTHALPY. 8TU/HR 

composition. L8-M0LES/HR 

1 HYOROGEN 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOX IOE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 MONOCHLOROSILANE 

11 OICHLOROSILANE 

12 TRICHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/waTER 

16 TOTAL MOLES 


100 

0.75002E 02 
0 • 1 5000E 02 
0,0 

0.18385E-01 
0 . 14779E-0X 
0.26157E-02 
0.0 

0.71329E 00 
0.57397E 0?; 
0.37072E 04 
0.68255E 01 
0.0 


101 

0.75002E 02 
0.15000E 02 
0.0 

0.91282E-02 
0.10538E 00 
0.26125E-02 
0.0 

0.72516E 00 
-0.45838E 03 
0.36281E 04 
0.69763E 01 
0.0 


102 

0.75002E 02 
0.20000E 02 
0.10000E 01 
0.45648E 00 
0.5824QE-01 
0 *49871 E 00 
0.18946E 02 
0.36201E 01 
0.15362E 03 
-0.17929E 04 
0.32439E 02 
0.0 


104 

0.1 5001 E 03 
0.51670E 03 
0.0 

0.99447E-02 
0.11906E 00 
0.77417E-01 
0.0 

0.70038E 00 
-0.45843E 03 
0.41684E 04 
0.69878E 01 
0.0 


105 

0.15001 E 03 
0.51670E 03 
0.0 

0.I9447E-02 
0.H906E 00 
Q.77417E-01 
0.0 

0.70038E 00 
-0.45843E 03 
0.41684E 04 
0.09878E 01 
0.0 


106 

0.75002E 02 
0 . 1470 OE 02 
0.0 

0.18385E-01 
0.14779E-01 
0 • 25634E-02 
0.0 

0.71322E 00 
0.56838E 02 
0.37072E 04 
0.68245E 01 
0.0 


107 

0 . 932C0E 03 
0.51670E 03 
0,0 

0.28920E-01 

0.36374E-01 

0.34823E-01 

0.0 

0.37403E 00 
0.36504E 03 
0.20315E 05 
0.17083E 02 
0.0 


0.0 0.0 
0.15536E 03 0.0 

0.18543E 01 0.0 

0.41679E 02 0.0 

0.0 0.0 
Q.59606E-01 0.0 

0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 o.o 

0.0 0.0 
0.31595E 01 0.0 

0*2021 IE 03 0.0 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0. 0 
0.0 
0.0 
0.0 

0.17412E 01 
0.0 
0.0 

0.17412E 01 


0.26610E 00 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
‘ . 0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.28610E 00 


0 . 28324 E 02 
0.0 
0.0 
0.0 
0.0 
0.9 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0*0 
0.0 
0.0 

0.38324E 02 


0.0 

0.15535E 03 
0.18543E 01 
0.41679E 02 
0.0 

0.59606E-01 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.31595E 01 
0 * 2021 OE 03 


0.21156E 03 
0.19903E 00 
0.0 
0.0 
0.0 
0.0 
0.0 

0.50829E-02 
0.65350E-Q3 
0.87984E-02 
0.26371E 00 
0.16956E 02 
0.21156E 03 
0.0 
0.0 

0.44Q55E 03 


108 

109 


no 

111 

112 

113 

114 


0.93200E 03 

0. 12000E 

03 

0.37501E 03 

0.35600E 03 

0.35600E 03 

0 . 35600E 03 

O.IOOOOE 

03 

Q.51470E 03 

0.54000E 

02 

0.51370E 03 

0.57470E 03 

0.51270E 03 

0.51270E 03 

0.51170E 

03 

0*0 

O.IOOOOE 

01 

0.50000E 00 

O.IOOOOE 01 

O.IOOOOE 01 

0.0 

0.50000E 

00 

0.28720E-01 

0.36150E 

00 

0.50418E-03 

0.11763E 00 

Q.U763E 00 

0*2071 2E-0 1 

0.30209E 

00 

0.33738E-0 1 

0.52514E* 

•01 

0.25219E-01 

0.38593E-tn 

0.38593E-01 

0 « 15779E-0 1 

0.S6922E- 

•01 

0.34797E-01 

0.48798E 

00 

O.621O6E-01 

0.37019E 00 

0.37019E 00 

0 • 75850E-0 1 

0.51379E 

00 

0.0 

0.15979E 

02 

0.69388E-01 

0.21736E 01 

0.23830E 01 

0.0 

0.16348E 

01 

0.39906E 00 

0.31916E 

01 

0.89969E 00 

0.20448E 01 

0.20436E 01 

0.23519E 00 

0.20399E 

01 

0.3638 1 E 03 

0.21782E 

03 

0.37501 E 03 

-0.45601E 03 

-0.45601 E 03 

0.39221E 03 

O.IOOOOE 

03 

0.20678E 05 

-0.39573E 

03 

Q.11190E 05 

0.77301E 04 

0.7731 3E 04 

0.12349E 05 

Q.44468E 

04 

0.17654E 02 

0.32287E 

02 

0.35695E 02 

0.44520E 02 

0.44424E 02 

0.22673E 02 

0.25171E 

02 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 


0.18752E 03 

0.0 


0.19804E 03 

0.10527E 02 

0. 1 6583E-0 1 

0.19292E 03 

0.19342E 

03 

0.19903E 00 
0.0 

0.0 

0.0 


0.21924E 00 
0.0 

0.20218E-01 

0.0 

0*31 B50E-04 

o.o 

0.20953E 00 
0.0 

O.21051E 

0.0 

00 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 


0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0*0 


0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

ft.O 


0.74155E-02 

0.0 


0.1Q412E-01 

0.29961E-02 

0.47199C-05 

0.10 1 83E-0 1 

a.io *4iF-m 

0.84208E-03 

0.36572E-04 

0.99354E-03 

0.15145E-03 

0.23859E-06 

0. 1 1041E-02 

0*1 li'A6F" 

• OP 

0.26680E-01 

0*1 0546E" 

•02 

0.46751E-Q1 

0.20071E-01 

0.31619E-04 

0.49173E-01 

D.51PAAF-01 

0.14707E 01 

0.2013IE-01 

0.51645E 01 

0.36938E 01 

0.S8189E-02 

0.29198E 01 

0.30552E 

01 

0.62568E 02 

0.85033E 

01 

0.26489E 03 

0.20233E 03 

0.31873E 00 

0 . 1 2641 E 03 

0.13237E 

03 

0.17674E 03 
0.0 

0.19606E 

0.0 

03 

0.10554E 04 
0.0 

0.87870E 03 
0.0 

0. 13042E 01 
0.1 

0.36980E 03 
0.0 

0.38771E 

0.0 

03 

0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 


0.42853E 03 

0.2Q458E 

03 

0.15238E 04 

0.10953E 04 

0.I7254E 01 

0.69232E 03 

0.71683E 

03 


C-17 


'|F B W ffg 


I iPWf W m if *' 


> p "«r ^ ■ 


TAB 1,1! C-III : 
(cont. limed) 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPERTIES FOR PROCESS STREAMS (ISSUE 11 


STREAM number 


TEMPERATURE* OEG F. 
PRESSURE , PSU 
LIQUID FRACTION 
VISCOSITY, centipoise 
TMCR.CONO,* 8TU/MR-FT-F 
DENSITY* 18»M0LE/FT**3 

surface tension, dynes/Cm 
prandtl number 
dev pt. / bubble pt.,f 
enthalpy, btu/lb-mole 

SPECIFIC HEAT, BTU/LB-MO-F 
FLOW • ENTHALPY, BTU/HR 

COMPOSITION* lr-moles/hr 


1 hydrogen 

2 nitrogen 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CAR80N DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 monochlorosilane 

11 OICHLOROSIIANE 

12 trichlorosilane 

13 SILICON TETRACHLORIDE 

14 chlorine 

15 STEAM/WATER 

16 TOTAL MOLES 


115 

0.10000P 03 
0.51370E 03 
0, 1 OOOOE 01 
0* 35395E 00 
0.54410E-01 
0.51844E 00 
0.79927E 01 
0.31422E 01 
-0.45403E 03 
-0.12367E 04 
0.31480E 02 
0,0 


116 

0. IOOOOE 03 
0.51370E 03 
0.10000E 01 
0.35395E 00 
0.54410E-Q1 
0.51844E 00 
Q.79927E 01 
0.31420E 01 
-0.45403E 03 
•0.12367E 04 
0.31480E 02 
0.0 


117 


0. IOOOOE 

03 

0.57270E 

03 

0. IOOOOE 

01 

0.35395E 

00 

0.54410E- 

•01 

0.518440 

00 

0.729160 

01 

0.31422E 

01 

•0.45403E 

03 

*0. 12366E 

04 

0.31478E 

02 

0.0 



118 

0 , 1C000E 03 
0*51 Q7QE 03 
0.0 

0. 16083E-0 1 
0.62568E-01 
0.84728E-01 
0.0 

0.2S723E 00 
0.21405E 03 
0.45986E 04 
0.96746E 01 
0,0 


119 

0. »000QE 03 
9*S1070E 03 
0. IOOOOE 01 
0*3539SE 00 
0* 544lQE*01 
0*51 844E 00 
0*80294E 01 
0*31422E 01 
-Q.45403E 03 
-0.I2367E 04 
0.31482E 02 
0*1 


120 * 

0. IOOOOE 03 
0.51070E 03 
0.0 

0.16083E-01 

0.62568E-01 

0.8472QE-01 

0.0 

0.2S723E 00 
0.21405E 03 
0.45986E 04 
0.96746E 01 
0.0 


121 

0. IOOOOE 03 
0.5217QE 03 
0,0 

0.16188E-01 

0.62818E-01 

0.86542E-01 

0.0 

0.25794E 00 
0.21567E 03 
0.45989E 04 
0 * 96QQ5E 01 
0.0 


0.5Q464E 00 
0 .961 03E-03 
0.0 
0.0 
0.0 
0,0 
0.0 

0.25806E-03 
0.24380E-04 
0.20956E-02 
0.1^539£ 00 
0.59638E 01 
Q.17915E 02 
0.0 
0.0 

0.24522E 02 


0.54217E 01 
0. 10539E-01 
0.0 
0.0 
0.0 
0.0 
0.0 

0.27724E-02 
0.26193E-03 
0.22514E-01 
0. 14546 E 01 
0.64071E 02 
0.19246E 03 
0.0 
0.0 

0.26344£ 03 


0.50464E 00 
0*98103E-03 
0.0 
0.0 
0.0 
0*0 
0.0 

0.2S806E-03 
0.24380E-04 
0.20956E-02 
0.13539E 00 
0.59638E 01 
0.17915E 02 
0.0 
0.0 

0.24522E 02 


0.18295E 03 
0.19014E 00 
0.0 
0.0 
0.0 
0.0 
0.0 

0.50829E-02 
0.62229E-03 
V.77544E-02 
0.24379E 00 
0.85377E 01 
0.15732E 02 
0.0 
0.0 

0.20767E 03 


0.45522E 01 
0*88491E-02 
0*0 
0*0 
0*0 
0*0 
0*0 

0.23278E-02 
0.21993E-03 
0.189Q4E-01 
0.I2213E 01 
0.S3797E 02 
0* 16160E 03 
0*0 
0*0 

0.22120E 03 


0.18295E 03 
0.19014E 00 
0.0 
0.0 
0.0 
0.0 
0.0 

O.S0829E-02 
0.62229E-03 
0.77544E-02 
0.24379E 00 
0.85377E 01 
0.15732E 02 
0.0 
0.0 

0.20767E 03 


0.18295E 03 
0.19014E 00 
0.0 
0.0 
0.0 
0.0 
0.0 

0.50829E-02 
0.62229E-03 
0. 775440*02 
0.24379E 00 
0.85377E 01 
•0.15732E 02 
0.0 
0.0 

0.20767E 03 


STREAM number 

TEMPERATURE* OEG F, 
PRESSURE, PS I A 

liquid fraction 

VISCOSITY, CENTIPOISE 
THER.COND,, 8TU/HR-FT-F 
DENSITY, L8-MQLE/FT#*3 
SURFACE TENSION, DYNES/CM 
PRANDTL NUMBER 
DEW PT. / 8UBBLE PT.,F 
ENTHALPY, BTU/LB-MOLE 
SPECIFIC HEAT, BTU/LB-MO-F 
FLOV * ENTHALPY, BTU/HR 

COMPOSITION* L8-M0LES/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARSON MONOXIDE 

6 carbon dioxide 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 MONOCHLOROSILANE 

11 DICHLOROSILANE 

12 TRICHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 steam/water 

16 TOTAL MOLES 


122 

0.96100E 03 
0.51670E 03 
0.0 

0.29038E-01 
0 . 126 01 E 00 
0.33511E-01 
0.0 

0.25388E 00 
0.21493E 03 
0.12176E 05 
0.9275 2E 01 
0.0 


123 

0.96100E 03 
0.51670E 03 
0.0 

0.280790-01 

0.12511E-01 

0.36670E-01 

0.0 

0.049780 00 

0.444Q4E Q3 

0.31123E 05 
0.26369E 02 
0.0 


124 

0.44299E 03 
0.52170E 03 
0.0 

0.28436E-01 
0.97780E-02 
0.12862E 00 
0.0 

-0.12551E 01 
0.44526E 03 
0.16136E 05 
-0.17148E 02 
0.0 


125 

0. IOOOOE 03 
0.95000E 02 
0. IOOOOE 01 
0.35395E 00 
0.54410E-01 
0.51844E 00 
0.14S23E 02 
0.31424E 01 
-0.45403E 03 
•0.12369E 04 
0.31453E 02 
0.0 


126 

0* IOOOOE 03 
0, IOOOOE 03 
0. 1 OOOOE 01 
0.35395E 00 
0*544100*01 
0.I1844E 00 
0* 14427E 02 
0.31422E 01 
-0.45403E 03 
-0.12369E 04 
0*314530 02 
0.0 


127 

0.75002E 02 
0.30000E 02 
0. IOOOOE 01 
O.45063E 00 
0.58133E-01 
0.50368E 00 
0.18696E 02 
0.36058E 01 
0.17626E 03 
-0.18487E 04 
0.32381E 02 
0.0 


128 

0.75002E 02 
0.52670E 03 
0. IOOOOE 01 
0.45083E 00 
0.501330*01 
0.50368E 00 
0.87I70E 01 
0.36060E 01 
Q.44536E 03 
-O.18407E 04 
0.32383E 02 
0.0 


0.18295E 03 
0.19014E 00 
0.0 
0.0 
0.0 
0.0 
0.0 

0.5Q829E-02 
0.62229E-03 
0.77544E-02 
0.24379E 00 
0.85377E 01 
0.15732E 02 
0.0 
0.0 

C.20767E 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.362060-04 
0.1 04400-02 
Q.19930E-01 
0.B4183E 01 
0.19582E 03 
0.0 
0.0 

0.204260 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36206E-04 
0.104400-02 
0.19930E-01 
0.84183E 01 
0.195Q2E 03 
0.0 
0.0 

0.20420E 03 


0.45522E 01 
0.88491E-02 
0.0 
0.0 
0.0 
0.0 
0.0 

0.23278E-02 
0.21993E-03 
0.18904E-01 
0.12213E 01 
0.53797E 02 
0.16160E 03 
0.0 
0.0 

0, 22120E 03 


0.45522E 01 
0.88491E-02 
0.0 
0.0 
0.0 
0*0 
0.0 

0*232780*02 
0*2 19930*03 
0.189040-01 
0.12213E 01 
0.S3797E 02 
0.16160E 03 
0.0 
0*0 

0,221200 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.365720*04 
0.105460*02 
0.201310*01 
0.85033E 01 
0.19780E 03 
0.0 
0.0 

Q.20632E 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.36572E-04 
0.1Q546E-02 
0,201311-01 
0.83033E 01 
0.19780E 03 
0.0 
0.0 

0.20632E 03 
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table c-iii 
( continuedl 


1000 MT/YR COMMERCIAL PLANT PHYSICAI 
gffl mns for process ggS „ 


STREAM NUMBER 


TEMPERATURE* DEG F, 
PRESSURE • PS I A 

liquid fraction 
VISCOSITY* CENT IPOISE 
THER.COMD.* 8TU/HR-FT-F 
DENSITY* L8-M0LE/FT*#3 
SURFACE TENSION* QYNES/CM 

prandtl number 

DEW PT. / BUBBLE PT,,F 
ENTHALPY* 8TU/LB-M0LE 
SPECIFIC hEAT* 8TU/LB-M0-F 
FLOW • ENTHALPY* BTU/MR 

COMPOSITION* L8-MOLES/HR 


1 HYDROGEN 

2 NITROGEN 

3 ARGON 
A OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 monochlorosilane 

11 OICHLOROSILANE 

12 trichlorosilane 

13 SILICON TETRACHLORIDE 
U CHLORINE 

15 STEAM/WATER 

16 TOTAL HOLES 


129 

0.35600E 03 
0.51270E 03 
0.10000E 01 
0.I1763E 00 
0.38S93E-01 
0.37019E 00 
0.23830E 01 
0.20439E 01 
M 0*A560l£ 03 
0.77313E 04 
0.44419E 02 
0*0 


131 

0.77000E 02 
0* 149QQE 02 
0*0 

0.17845E-01 

0.14966E-01 

0.2S8SIE-02 

0*0 

0.70090E 00 
-0.32022E 03 
0.37234E 04 
0.68084E 01 
0*0 


132 

0.44299E 03 
0*52670E 03 
0 » 10000E 01 
0.S020SE-01 
0 ,3891 3E-01 
0.25601E 00 
0.50064E 00 
-0.31757E 00 
0*44536E 03 
0.15573E 05 
-0.17142E 02 
0*0 


200 

0.21799E 03 
0.55000E 02 
O'lOOOQE 01 
0.24712E 00 
0.43484E-0I 
0.44802E 00 
0*11 395E 02 
0.27521E 01 
0*219?IE 03 
0.28195E 04 
0.33724E 02 
0*0 


201 

0*3400 1 E 03 
0* 94600E 02 
0*1 OOOOE 01 
0.20622E 00 
0.42463E-01 
0.46325E 00 
0.94373E 01 
0*a6901E 01 
0-24346E 03 
0* 3 1 91 OE 04 
0 • 36332E 02 
0*0 


202 

0.24400E 03 
0.95000E 02 
0.0 

0 • 14374E-01 
0.60505E-02 
0. 14348E-01 
0.0 

0* 71 51 OE 00 
0*24735E 03 
0*1 291 5E 05 
0 *25961E 02 
0.0 


0.10527C 02 
0.20218E-01 
0.0 
0.0 
0*0 
0,0 
0,0 

0.29961E-02 
0.1S145E-03 
0.20071E-01 
0.36938E 01 
0.20233E 03 
0.87870E 03 
0,0 
0,0 

0.10953E 04 


0,0 

0.92296E-02 
0,0 
0,0 
0,0 
0,0 
0,0 
0*0 
0,0 
0,0 - 
0,0 
0,0 
0,0 
0,0 
0.0 

0.92296E-02 


0,0 

0.0 

0.0 

0.0 

0,0 

0.0 

0*0 

0,0 

0.36571E-06 
0* 10546E-04 
0.20131E-03 
0.85033E-01 
0.19780E 01 
0.0 
0*0 

O.20632E 01 


0.0 

0,0 

0.0 

0,0 

0*0 

0*0 

0*0 

0*0 

0.36572E-04 
0.10546E-02 
0.20131E-01 
0.85033E 01 
0.19606E 03 
0.0 
0.0 

0.20458E 03 


0*0 

0.0 

0*0 

o.o 

0,0 

0.0 

0.0 

0*0 

0.I3391E-02 
0.77380E-04 
0.29287E 01 
0* If 0995E 03 
0.24199E 03 
0.0 
0*0 

0.35488E 03 


0,0 

0,0 

0*0 

0,0 

0,0 

0,0 

0,0 

0*0 

0.80237E-02 
0.62124E-04 
0.18938E 01 
0.56177E 02 
0.80389E 02 
0,0 
0*0 

0.13847E 03 


STREAM NUMBER 

TEMPERATURE* DEG F. 
PRESSURE, PSIA 
LIQUID FRACTION 
VISCOSITY* CENT IPOISE 
THER.COND.* 8TU/HR-FT-F 
DENSITY. LB-M0LE/FT«*3 

TENSI0N * DYNES/O 
prandtl NUMBER 

DEW PT. / BUBBLE PT..F 

enthalpy* btu/lb-mole 

r. P £ CIFIC HEAT* BTU/LB-MO- 
FLOW • ENTHALPY* BTU/HR 

COMPOSITION* LB-M0LE5/HR 

1 hydrogen 

2 NITROGEN 
ARGON 
OXYGEN 

CARSON MONOX IOE 
CARBON DIOXIDE 
METHANE 

HYDROGEN CHLORIDE 
- SILANE 

10 MONOCHLOROSILANE 

11 OICHLOROSILANE 

12 TRJCHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/WATER ~ 

16 total moles 


3 

4 

5 

6 

7 

8 
9 


204 

•0.20992E 02 
0.89400E 02 
0.1 OOOOE 01 
0.29783E 00 
0.68813E-01 
0.74988E 00 
0.5901 IE 01 
0.23854E 01 
-0.45539E 03 
-0.40937E 04 
0* 1986QE 02 
0.0 


0,45799E 01 
0.89627E-02 
0.0 
0*0 
0,0 
0*0 
0.0 

0.33619E-02 
0.18181E 00 
0.27250E 00 
0.13507E 02 
0.45109E 01 
0.19617E 00 
0*0 
0.0 

0.23261E 02 


205 

-0.2G992E 02 
0.95000E 02 
0.10000E 01 
0.50545E 00 
0.68999E-01 
0.8I799E 00 
0. 16851 E 02 
0.37487E 01 
-0.45294E 03 
-0*58420E 04 
0.23120E 02 
0*0 


0*27664g-01 
0* 1 1358E-03 
0.0 
0.0 
0,0 
0.0 
0*0 

0.10342E-02 
0.63659E-01 
0*2536 IE 00 
0.13320E 02 
0.44894E 01 
0.19584E 00 
0.0 
0.0 

0.I3351E 02 


206 

0.24400E 03 
0.95000E 02 
0*1 OOOOE 01 
0*20757E 00 
0.42157E-0I 
0.45481E 00 
0.93760E 01. 
0.26688E 01 
0.24835E 03 
0.34226E 04 
0.36079E 02 
0*0 


0.0 

0.0 

0,0 

0*0 

0,0 

0,0 

0.0 

0,0 

0,31536E«03 
0.15256E-04 
0.10348E 01 
0.53775E 02 
0. 1 61 60E 03 
0,0 
0.0 

0,21 64 l E 03 


207 

0*21400E 03 
0.54800E 02 
0.1 OOOOE 01 
0.24782E 00 
0.43794E-01 
0.45297E 00 
0.H539E 02 
0.27635E 01 
0.21652E 03 
0.26420E 04 
0.33776E 02 
0.0 


0.0 

0*0 

0*0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0, 1 690 IE 00 
Q.63643E 02 
0.78592E 03 
0.0 
0.0 

0* 84973E 03 


208 

0.21799E 03 
0*§5000E 02 
0.0 

0-I3634E-01 

0-54681E-02 

0.82479E-02 

0.0 

0.691 1 9E 00 
0*21 899E 03 
0.13537E 05 
0.26106E 02 
0*0 


0*0 

0.0 

0*0 

0*0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

0* 15333E 00 
0.55429E 02 
0.58986E 03 
0*0 
0*0 

0.64544E 03 


209 

0. 1590 1 E 03 
0.50200E 02 
0.0 

0.12553E-01 

0.54615E-02 

0.81762E-02 

0.0 

0.66197E 00 
0.15998E 03 
0.94035E 04 
0.19428E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0.70828E 00 
O.41206E 01 
0* 73582E 02 
0.6U25E 03 
0.13954E 02 
0.0 
0.0 

0, 70362E 03 


203 

0.14000E 03 
0.90400E 02 
0.0 

0.12488E-01 

0.97906E-02 

0.15243E-01 

0.0 

0.39826E 00 
0.15437E 03 
0.66762E 04 
0, 17661E 02 
0*0 


0.45799E 01 
0.89627E-02 
0.0 
0.0 
0.0 
0.0 
0.0 

0.33619E-02 
o.ieieir oo 

0.27250E 00 
0.13507E 02 
0.45109E 01 
0.19617E 00 
0,0 
0,0 

0.23261E 02 


210 

0.15240E 03 
0.49200E 02 
0,1 OOOOE 01 
0.22806E 00 
0.47934E-01 
0.60156E 00 
0.12024E 02 
0.28002E 01 
0.14998E 03 
•0.83738E 03 
0.31344E 02 
0.0 


0.0 

0.0 

0.0 

0,0 

0,0 

0,0 

0*0 

0.0 

U70828F 00 
).41286E 01 
I.73582E 02 
I.6H25E 03 
M3954E 02 
• 0 
• 0 

•70362E 03 
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TABI.I: C-IH; 1000 MT/YR 

X° 51 nt ‘ miod') PROPERTIES 


COMMERCIAL PLANT PHYSICAL 
FOR PROCESS STREAMS- C ISSUE 1 ) 


STREAM NUMBER 

TEMPERATURE. OEG F , 
PRESSURE. PSIA 
LIQUID FRACTION 
VISCOSITY, CENTIPOISE 
THER.CONO.. BTU/HR-FT-F 
DENSITY. LB-MOLE/FT»»3 
surface TENSION. OYNES/CM 
PRANDTL NUMBER 
DEW PT. / BUBBLE PT..F 

enthalpy, btu/lb-mole 

SPECIFIC HEAT. 8TU/L0-MO-F 
FLOW * ENTHALPY. OTU/HR 

COMPOSITION* LB-MOLES/HR 

1 HYDROGEN 

2 NITROGFN 

3 ARGON 

4 OXYGEN 

5 CAR80N MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 MONOCHLOROSILANE 

11 OICHLOROSILANE 

12 trichlorosilane 

13 SILICON TETRACHLORIDE 

14 chlorine 

15 STEAM/waTER 

16 TOTAL MOLES 


211 

0.1524QE 03 
0.32000E 03 
0 , 1 0000E 01 
0.22806E 00 
0.47934E-01 
0.60156E 00 
0.90180E 01 
0.27467E 01 
0.31600E 03 
-0.860B4E 03 
0.31517E 02 
0.0 


212 

0.1580QE 03 
0.84Q0QE 02 
O.IOOOOE 01 
0.23166E 00 
0.47680E-01 
0.58248E 00 
0.U772E 02 
0.28013E 01 
0.19339E 03 
-0.50363E 03 
0.32433E 02 
0.0 


213 

0.I524QE 03 
O.SSOOOE 02 
O.IOOOOE 01 
.0.22806E 00 
0.47934E-01 
Q.6Q156E 00 
0.11953E 02 
0.28008E 01 
0.I5774E 03 
-0.84007E 03 
0.32138E 02 
0.0 


2U 

0.15240E 03 
0.32000E 03 
O.IOOOOE 01 
0.22806E 00 
0.47934E-01 
0.60156E 00 
0.90181E 01 
0.27469E 01 
0.31601E 03 
-0.86084E 03 
0.31529E 02 
0.0 


215 

0. 15800E 03 

o.asoooe 02 

O.IOOOOE 01 
0.22948E 00 
0.47571E-01 
O.f 8321E 00 
0.I1625E 02 
0*27084£ 01 
0.30199E 03 
-0.S2B52E 03 
0.31586E 02 
0.0 


216 

0.15800E 03 
0.B5000F 02 
O.IOOOOE 01 
Q.22948E 00 
0.47571E-01 
0.58322E 00 
0.11626E 02 
0.27086E 01 
0.20199E 03 
-0.52852E 03 
0.31589E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.70828E 00 
0.41286E 01 
0.73582E 02 
Q.61125E 03 
0.13954E 02 
0.0 
0.0 

0.70362E 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.3Q746E 00 
0.17940E 01 
0.30955E 02 
0.22006 E 03 
0.40517E 02 
0.0 
0.0 

0.29363E 03 


0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

0.0 

0.40050E 00 
0.23345E 01 
0.41608E 02 
0.34564E 03 
O.709O4E 01 
0.0 
0.0 

0.39787E 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

0.30777E 00 
0.17940E 01 
0.31974E 02 
0.26561E 03 
0 *60635E 01 
0.0 
0.0 

0.30575E 03 


0*0 

0*0 

0*0 

0.0 

0*0 

0.0 

0*0 

0*0 

0.0 

0.94188E-02 
0.17643E 01 
0.285O2E 03 
0.68349E 01 
0*0 
0.0 

0.29363E 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.9427BE-02 
0.17661E 01 
0.2853QE 03 
0.6841 8E 01 
0.0 
0.0 

0.29392E 03 


217 

0.32700E 03 
0.31990E 03 
O.IOOOOE 01 
0.99863E-01 
0.42541E-O1 
0.45138E 00 
0.319O2E 01 
0.17406E 01 
0.32745E 03 
0.52971E 04 
0.41658E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.5 1523E-0 1 
0.90560E 01 
0.1 035 1 E 04 
0.21828E 02 
0.0 
0.0 

0.10660E 04 


STREAM NUMBER 

TEMPERATURE. OEG F. 
PRESSURE. PSIA 
LIQUID FRACTION 
VISCOSITY. CENTIPOISE 
ther.cono.. BTU/HR-FT-F 
DENSITY. LH-MOl£/FT**3 
SURFACE TENSION. DYNES/C* 
PRANDTL NUMBER 
DEW PT. / 8UB8LE PT..F 
ENTHALPY. RTU/LB-MOLE 
SPECIFIC HEAT. BTU/LB-MO-F 
flow * ENTHALPY. RTU/MR 

composition* lb-moles/hr 

1 HYDROGEN 
? NITROGEN 

3 argon 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 MONOCHLOROSILANE 

11 OICHLOROSILANE 

12 TRICHLOROSlLANF 

13 SILICON TETRACMlORIDF 

14 CHLORINE 

15 STEAM/waTER 

16 TOTAL MOLES 


222 

0.24980E 03 
O.S50OOE 03 
O.IOOOOE 01 
0.98610E-01 
0.3324 1 E“0 1 
0.61574E OO 
0.26196E 01 
0.25698E 01 
0.29832E 03 
0.18349E 04 
0.35428E 02 
0.0 


223 

0. 12200E 03 
0.54900E 03 
O.IOOOOE 01 
0.19842E 00 
0.50445E-01 
0.75630E 00 
0.59902E 01 
0.28094E 01 
0.2981 OE 03 
•0.28526E 04 
0.2921 OE 02 
0.0 


224 

0.12200E 03 
0.54800E 03 
O.IOOOOE 01 
0.16882E 00 
0. 5 1539E-0 1 
0.70895E 00 
0.57574E 01 
0.21352E 01 
0.19129E 01 
0.15984E 04 
0.26662E 0? 
0.0 


218 

0.32751E 03 
0.32000E 03 
0.0 

0.17568E-01 

0.82562E-02 

0.54908E-01 

0.0 

0.99505E 00 
0. 32841 E 03 
0.U802E 05 
0.42120E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.42095E-01 
0.72899E 01 
0.74984E 03 
0.14986E 02 
0.0 
0.0 

0 • 7 7 2 1 6E 03 


219 

0.25731E 03 
0.3I510E 03 
0*0 

0.15539E-01 

0.90002E-02 

0.57277E-01 

0.0 

0.31717E 00 
0.26046E 03 
0.77634E 04 
0.13571E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.40824E 01 
0.74167E 02 
0.34615E 03 
0.5349QE 02 
0.20789E-01 
0.0 
0.0 

0 .47791 E 03 


220 

0.24980E 03 
0 • 32000E 03 
O.IOOOOE 01 
0.9861 IE-01 
0.33241E-01 
0.61574E 00 
0.32523E 01 
0.24867E 01 
0.23744E 03 
0 . 19651 E 04 
0.27549E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.34Q90E 01 
0.61932E 02 
0.28905E 03 
0.44666E 02 
0.17360E-01 
0.0 
0.0 

0.39907E 03 


221 

0.24980E 03 
0.31400E 03 
O.IOOOOE 01 
0.9861 1 E-0 1 
0.33241E-01 
0.61574E 00 
0.32702E 01 
0.24858E 01 
0.2J54QE 03 
0.19678E 04 
0.25282E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.40824E 01 
0.74167E 02 
0.34615E 03 
0.53490E 02 
0.20789E-01 
0.0 
0.0 

0.47791E 03 


0*0 

0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

0.07345E 00 
0.12235E 02 
0.57102E 02 
0.08237E 01 
0.34294E-02 
0.9 
0.0 

0.78838E 02 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

0.67345E 00 
0.12235F 02 
0.57102E 02 
0.88237F 01 
0.34294E-02 
0.0 
0.0 

0.78838E 02 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.12191E 0? 
0.10451E 02 
0.26896E 02 
0.2851 7E 02 
O.70182E 00 
0.0 
0.0 

0.78837F 02 




TABLE C-III 
(continued) 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPERTIES FOR PROCESS STREAMS (ISSUE 1) 


STREAM NUMBER 

225 


226 

227 


230 

231 


232 

233 

temperature* deg f. 

0*2670 IE 

03 

0*2670 IE 03 

-0.257Q8E 

02 

-0.25708E 02 

-0.25708E 

02 

-0.25708E 02--0.2570BE 02 

PRESSURE* PSIA 

0.36000E 

03 

0.36000E 03 

0.35400E 

03 

0.35510E 03 

0 . 3541 OE 

03 

0.36Q00E 03 0. 3741 OE 03 

LIQUID FRACTION 

0.10000E 

01 

0.10000E 01 

0.0 


0.0 

0.10000E 

01 

0.10000E 01 0.0 

VISCOSITY* CENTIPOISE 

0*1 0Q88E 

00 

0*1 0Q88E 00 

0.10388E-01 

0.10396E-01 

Q.56724E-Q1 

0 . 56724E-0 1 0.1Q560E-01 

ther.cono,* BTU/HR-FT-F 

Q.35238E-01 

0.35238E-01 

0.98706E-02 

Q.9B824E-02 

0.46522E-01 

0.46522E-01 Q.IOIOIE-Ol 

DENSITY* L8-M0LE/FT*«3 

0*5631 8£ 

00 

0*5631 7£ 00 

0.1100BE 

00 

0.11Q66E OO 

0.90235E 

00 

0.90235E 00 0.12122E 00 

SURFACE TENSION* OYNES/CM 

Q.35290E 

01 

0.35296E 01 

0.0 


0.0 

0.3069SE 

01 

0.30S07E 01 0.0 

PRANDTL NUMBER 

0*21 057E 

01 

0.21059E 01 

-0.17099E 

00 

-0.17O93E 00 

0.20566E 

01 

0.20566E 01 -0.16986E 00 

DEW PT. / BUBBLE PT.*F 

0.26769E 

03 

0.26769E 03 

-0.19856E 

02 

-0.19643E 02 

-0 * I9836E 

02 

-0. 1 8698E 02 -0.16028E 02 

enthalpy* btu/lb-mol E 

0.30489E 

04 

0 .30489E 04 

0.14093E 

04 

0.14093E OA 

-0.22003E 

04 

-0.22003E 04 0.14093E 04 

SPECIFIC HEAT, BTU/LB-MO-F 

0*33670E 

02 

0.33672E 02 

0.22396E 

02 

0.22396E 02 

0.22396E 

02 

0.22396E 02 0.22396E 02 

FLOW ♦ ENTHALPY* RTU/HR 

0*0 


0.0 

0*0 


0.0 

0*0 


0.0 

0.0 

COMPOSITION* LR-MOLES/HR 











1 hyorooen 

0.0 


0.0 

0.0 


0.0 

o.o 


0.0 

0.0 

2 NITROGEN 

0*0 


0*0 

0*0 


0.0 

0.0 


0.0 

0.0 

3 ARGON 

0.0 


0.0 

0.0 


0.0 

0.0 


0.0 

0.0 

4 OXYGEN 

0*0 


0.0 

0.0 


0.0 

0*0 


0.0 

0.0 

5 CAR80N MONOX IOE 

0*0 


0*0 

0.0 


0.0 

o.o 


0.0 

0.0 

6 CAR80N DIOXIDE 

0.0 


0*0 

0*0 


0.0 

0*0 


0.0 

0.0 

7 METHANE 

0.0 


0.0 

0.0 


0.0 

o.o 


0.0 

0.0 

8 hyorogen chloride 

0.0 


0.0 

0.0 


0.0 

0.0 


0.0 

0.0 

9 SILANE 

0.36568E 

00 

0.36572E-04 

0.11825E 

02 

0.37840E 02 

0.H707E 

02 

0.26015E 02 0.1 1824E 02 

10 MONOCHLOROSILANE 

0.1O45OE 

02 

0.10451E-02 

0.0 


0.0 

0.0 


0.0 

0.0 

11 DICHLOROSILANE 

0.26894E 

02 

0.26896E-02 

0.0 


0.0 

0.0 


0.0 

0.0 

12 trichlorosilane 

0.28515E 

02 

Q .2851 8E-Q2 

0.0 


0.0 

0.0 


0.0 

0.0 

13 SILICON TETRACHLORIDE 

0.78174E 

00 

0.78182E-04 

0.0 


0.0 

o.o 


0.0 

0.0 

14 CHLORINE 

0*0 


0.0 

0.0 


0.0 

0.0 4 


0.0 

0.0 

15 STEAM/WATER 

0.0 


0*0 

0.0 


0.0 

o.o 


0.0 

0.0 

16 TOTAL MOLES 

0.67006E 

02 

0.67012E-02 

O.11025E 

02 

0.37840E 02 

0.11707E 

02 

0.26015E 02 0.11824E 02 


STREAM NUMBER 

234 

235 

TEMPERATURE* DEG F, 

0.12600E 03 

0.12600E 03 

PRESSURE* PSIA 

0.3741 OE 03 

0.60000E 02 

LIQUID FRACTION 

0.0 

0.0 

VISCOSITY. CENTIPOISE 

0. 12786E-01 

0.12262E-01 

ther.cond.* BTU/HR-FT-F 

0.13768E-01 

0.12687E-01 

OENSITY* LB-MOLE/FT**3 

0.66750E-01 

0.97094E-02 

SURFACE TENSION. DYNES/CM 

0.0 

0.0 

PRANOTL NUMBER 

0.69854E 00 

0.63836E 00 

DEW PT. / BUBBLE PT..F 

-0.16028E 02 

-0.11544E 03 

ENTHALPY. BTU/LB-MOLE 

0.29548E 04 

0.32939E 04 

SPECIFIC HEAT. BTU/LB-MO-F* 

0.99875E 01 

0.87694E 01 

FLOW ♦ ENTHALPY. BTU/HR 

0.0 

0.0 

COMPOSITION* L8-M0LES/HR 

1 HYDROGEN 

0.0 

0.0 

2 NITROGEN 

0.0 

0.0 

3 ARGON 

0.0 

0.0 

4 OXYGEN 

0.0 

0.0 

5 CARBON MONOXIDE 

0.0 

0.0 

6 CAR80N DIOXIDE 

0.0 

0.0 

7 METHANE 

0.0 

0.0 

8 HYDROGEN CHLORIDE 

0.0 

0.0 

9 SILANE 

0.U824E 02 

0.11824E 02 

10 MONOCHLOROSILANE 

0.0 

0.0 

11 DICHLOROSILANE 

0.0 

0.0 

12 TRICHLOROSILANE 

0.0 

0.0 

13 SILICON TETRACHLORIDE 

0.0 

0.0 

14 CHLORINE 

0.0 

0.0 

15 STEAM/WATER 

0.0 

0.0 

16 TOTAL MOLES 

Q.11824E 02 

Q.H82AE 02 


236 

237 


238 


239 


240 


0.32751E 03 

0.15600E 

03 

Q.21799E 

03 

0 • 26701E 

03 

-0.25708E 

02 

0.32000E 03 

0.85000E 

02 

0.S5000E 

02 

0.36000E 

03 

0.3541 OE 

03 

0.10000E 01 

0.10000E 

01 

0.10000E 

01 

0.10000E 

01 

0.0 


0.99767E-01 

0 • 22948E 

00 

0.24723E 

00 

0.10088E 

00 

0. 1 0388E-01 

Q.42580E-01 

0.47571E-01 

0.43483E-01 

0. 35237E-0 1 

0.9871 7E-02 

0.45048E 00 

0 • 58321 E 

00 

0.44789E 

00 

0.5631 7E 

00 

0.11013E 

00 

0.31828E 01 

0.11625E 

02 

0.H397E 

02 

0.35296E 

01 

0.0 


0.18712E 01 

0.27084E 

01 

0.27518E 

01 

0.21059E 

01 

-0.17099E 

00 

0.32783E 03 

0.20199E 

03 

0.81932E 

03 

G.26769E 

03 

-0.19836E 

02 

0.53263E 04 

-0.52852E 

03 

0.28212E 

04 

0.30489E 

04 

0.14093E 

04 

0.44928E 02 

O.31506E 

02 

0.33713E 

02 

0.33672E 

02 

0.22396E 

02 

0.0 

0.0 


0.0 


0.0 


0.0 



0.0 

0.0 

0.0 

0.0 


0.0 


0.0 

0.0 

o.o 

0.0 


0.0 


0.0 

0.0 

0.0 

0.0 


0.0 


0.0 

0.0 

o.o 

0.0 


0.0 


0.0 

0.0 

o.o 

0.0 

— 

0.0 


0.0 

0.0 

o.o 

0.0 


0.0 


0.0 

0.0 

o.o 

0.0 


0.0 


0.0 

0.0 

0.0 

0.0 


0.0 


0.0 

0.0 

0.0 

0.36572E 

00 

0.11824E 

00 

0.94278E-02 

0.94278E-Q5 

0.0 

0.10451E 

02 

0.0 


0.1 7661 E 01 

0.1 7661 E-02 

0.I5675E-01 

0.26896E 

02 

0.0 


0.28530E 03 

0.28530E 00 

0.82148E 01 

0.28517E 

02 

0.0 


0.68418E 01 

0.68418E-02 

0.19605E 03 

0.78182E 

00 

0.0 


0.0 

0.0 

0.0 

0.0 


0.0 


0.0 

0.0 

0.0 

0.0 


0.0 


0.29392E 03 

0.29392E 00 

0.20428E 03 

0 . 6701 IE 

02 

0.11824E 

00 
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tabu; C-III: 1000 MT/YR COMMERCIAL plant physical 

(( •out i line d) PROPP.RTIHS FOR PROCESS STREAMS (TSSUI: 1) 


STREAM number 


TEMPERATURE* OEG F. 

0.26701E 

03 

PRESSURE* PSIA 

0.36000E 

03 

LIQUID FRACTION 

0.10000E 

01 

VISCOSITY, CENTIPOISE 

0 » fl 7 1 B2E 

-01 

THER.COND,, BTu/HP-FT-F 

0. 346481- 

-01 

DENSITY, LH-H0LE/FT»*J 

O.ShlORE 

00 

SURFACE TENSION, DYNES /CM 

0.28458E 

01 

PRANOTL NUMBER 

0.1B684E 

01 

DEV PT, / BUBRLE PT.*F 

Q.22698E 

03 

enthalpy, btu/lb-mole 

0.33272E 

04 

SPECIFIC HEAT, BTU/LB-mO-F 

0.23799E 

02 

FLO* • ENThAlPy, BTU/hR 

0,0 


COMPOSITION, LR-MOLES/hR 

1 hyorogen 

0.0 


2 NITROGEN 

0.0 


3 ARGON 

0.0 


4 OXYGEN 

0,0 


S CARBON MONOXIDE 

0.0 


6 CARBON OIOXIDE 

0.0 


7 METHANE 

0.0 


b hyorogen chlorioe 

0,0 


9 SILANE 

0.3666QE 

01 

10 MONOCMLOROSILANE 

0.27073E 

02 

11 0ICHL0»0SILANE 

0.45109E 

02 

12 TRICHLOROSILANE 

0.38838E 

02 

13 SILICON TETRACHLORIDE 

Q.93196E 

00 

1 4 CHLORINE 

0,0 

15 STEAM/WATER 

0,0 


16 total moles 

0.11S62E 

03 


243 

300 

301 


0.26701E -03 

0.77000E 02 

0, 1562 IE 

04 

0.36000E 03 

0.25000E 02 

0.20000E 

02 

0,0 

0,0 

o.o 


0.16Q48E-Q1 

0.11295E-01 

0.23056E- 

■01 

0.96624E-02 

0. 1Q989E-01 

0.29363E 

00 

0.63S30E-01 

0.43805E-02 

0,921571* 

■03 

0.0 

0,0 

0.0 


0.4569SE 00 

0.65823E 00 

0.6616SE 

00 

0.26712E 03 

-0.14902E 03 

-0,2786tE 

03 

0.76651E 04 

0.29085E 04 

0.14134E 

OS 

0.1054QE 02 

0.8S034E 01 

0.72B52E 

01 

0.0 

0,0 

0.0 



0.0 


0.0 

0.23531E 02 

0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

.0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

0.33003E 

01 

0.11824E 02 

0.59122E-01 

0.16622E 

02 

0.0 

0.0 

0.18213E 

02 

0.0 

0.0 

0.10321E 

02 

0.0 

0.0 

0.15014E 

0« 

0.0 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

0.0 

0.48606E 

02 

0.11824E 02 

0.23S90E 02 


303 

307 


308 


0.11200E 04 

0.26000F 

04 

0* 1 1 200E 

04 

0 • 20000E 02 

0.20000E 

02 

0.20000E 

02 

0.0 

0.0 


0.0 


0.27S79E-01 

0. 3041 4E* 

-01 

0.19253E' 

-01 

0 .88681 £-0 1 

0.39094E 

90 

0, 2477 l E 

00 

0*117941-0? 

0.60901F-03 

0.1 1794E- 

-0? 

0.0 

0.0 


0.0 


0*1 866 IE 00 

0*7457 4E 

00 

0.6650BE 

00 

0.I74&IE 03 

-0.45834E 

03 

-0.4S849E 

0 3 

O.I0740E 05 

Q.22063E 

05 

0.10952F 

OS 

0*469621 01 

0.79883E 

01 

0.71311E 

01 

0.0 

0.0 


0.0 



0*860891-01 

Q«0 

0.0 

0*9 

9.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0*0 

0.0 

0.0 

0.0 

9.0 

0.0 

0*0 

0.0 

0.0 

0*0 

0.0 

0.0 

0*0 

0.0 

0.59122E-01 

0.0 

0.0 

M 

0*0 

0.0 

0*9 

0.0 

0.0 

0*0 

0*0 

0.0 

0*9 

0*0 

0.0 

0*0 

0.0 

0.0 

0*0 

0.0 

0.0 

0*1052 1 E 00 

0.0 

0.0 


STREAM NUMBER 

TEMPERATURE, deg f. 
PRESSURE* PSIA 
liquid fraction 

VISCOSITY* CENTIPOISE 
THER.COND., BTU/HP-FT-F 
OENS I T Y ♦ LB-MOlE/FT*«3 
surface tension, OYNES/CM 
PRANOTL NUMBER 
0E* PT, / BUBBLE PT,*F 

enthalpy, btu/lb-mole 
specific heat, btu/lb-mo-f 
Flov * Enthalpy, btu/hp 

COMPOSITION, LR-MOLES/hU 

1 HYDROGEN 

2 NITPOGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CARBON 0I0X1QE 
? METHANE 

B hydrogen chloride 
9 SILANE 

10 monocmlorosilane 

11 OtCMLOROSlLANE 

12 trichlorosilanf 

13 SILICON TETRACHLORIDE' 

i<* chlorine 
is STEAH/waTep 
IS total MCLES 


311 


312 


313 


3*4 


2400 

2401 

2403 

0. 1S621E 

04 

0. 15001E 

03 

0. 15001E 

03 

0.77000E 

02 

0. 10000E 03 

O.IOOOOE 03 

0,100001 0 ) 

0.20000E 

02 

0.15800E 

02 

0.550Q0E 

03 

0.50000E 

02 

0*200001 02 

0.29000F 02 

0, 2 0 U 0 0 E 02 

0.0 

0*228331- 

-01 

0.0 

* 0.99894E-02 

0.0 

0.99432E-02 

0.0 

0.91464E-02 

0.0 

0 • 16380E-0 1 

0.0 

0* 18380F-01 

0,0 

0 , 1 8380F-0 1 

0 .2954 1 £ 

00 

0.1 1 770E 

00 

0,119151 

00 

0.105811 

00 

P*l5507e-0l 

0* 1550 7f -01 

0 . 15S071-rt 1 

0 *92 1 5 7E ■ 

-03 

0.241 34E-02 

0.82300E-01 

0 . 86632E-02 

0*3331 IE-02 

0.3331 IE-02 

0.333 1 l F - 0 2 

0 . 0 


0.0 


0.0 


0.0 


0.9 

0*0 

0,0 

0.67890E 

00 

0.70920E 

00 

0.69996E 

00 

0 • 7238 IE 

00 

Q.I9967E 00 

0*699671 00 

0.69967F 00 

0.45847£ 

03 

-0.4584 IE 

03 

-0.45843E 

03 

-0.45838E 

03 

-0*315541 03 

-0.31554E 03 

-0.31554E 03 

0. 14145E 

05 

0.41508E 

04 

0.41696E 

04 

0,364311 

04 

0.38794E 04 

0*387941 04 

0.387941 04 

0.731 99E 

01 

0.69640E 

01 

0.69900E 

01 

0.69785E 

01 

0*983631 01 

0*68363E 01 

0.68363E 01 

0 .0 


0.0 


0.0 


0,0 


0.0 

0.0 

0.0 


0 . 23484 E 

02 

0.234841 

02 

0 . 28610 E 

02 

0 . 51259 E 

01 

0.9 


0.0 


0,0 

0.0 


0.0 


0*0 


0.0 


0 » 1 7950 E 

01 

0 . 59833 E 

00 

Q. 50 O 9 OP G 1 

0 , 0 


0 • 0 


0.0 


0.0 


0*0 


0*0 


0.0 

0 . 0 


0.0 


0.0 


0.0 


0*0 


0*0 


0.0 

0 • 0 


0,0 


0.0 


0.0 


0.0 


0*0 


0,0 

0.0 


0,0 


0.0 


0.0 


0.0 


0.0 


0,0 

0.0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 

0.0 


0.0 


0.0 


0.0 


0*9 


0.0 


0.0 

0 , 0 


0.0 


0.0 


0.0 


0.0 


0.0 


0.0 

0*0 


0*0 


0.0 


0.0 


0.0 


0.0 


0.0 

0 • 0 


0.0 


0.0 


0,0 


0*0 


0*0 


0.0 

0,0 


0 , 0 


0.0 


0.0 


0*0 


0.0 


9.0 

0 , 0 


0*0 


0.0 


0.0 


0.0 


0.0 


0.0 

0,0 


0*0 


0.0 


0*0 


0*0 


0.0 


0.0 

0,0 

0 . 234 P 4 E 

02 

0.0 

0.234841 

02 

0.0 

0 . 2861 QE 

02 

0,0 

0.512591 

01 

0.0 

0*1 79501 

01 

0.0 

0.598331 

00 

0.0 

o , soo 90 r r . ; 
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TABLE C-III 
(continued) 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPERTIES POR PROCESS STREAMS (ISSUE 1) 


STREAM NUMBER 

2909 

2600 

2601 

2902 

2501 

2502 


1500 

TEMPERATURE* QEG F • 

0.10000E 03 

0.10000E 03 

0* 10000E 03 

0* 10000E 03 

-0.20992E 02 

0.10000E 

03 

0.77000E 02 

PRESSURE* PS I A 

0.2QQQQE 02 

0.70000E 02 

0.70000E 02 

0.20000E 02 

0.90000E 02 

0.51070E 

03 

0.16000E 03 

LIQUID FRACTION 

0.0 

Q.1Q0Q0E 01 

0* 10000E 01 

0.0 

0*0 

0*0 

*02 

0*0 

VISCOSITY* CENTIPOISE 

Q.23989E-01 

0.57718E-01 

0.39805E-02 

0* 18380E*01 

0.98391E-02 

0.93727E- 

0.23193E-01 

THER.COND., 0TU/HR-FT-F 

0.U973E-Q1 

0.95892£*0l 

0«38000E*01 

0.15507E-01 

0*«9090E-01 

0.11098E 

00 

0.10677E-01 

DENSITY* LB-M0LE/FT«*3 

0.33326E-02 

Q.8260SE-01 

0.68900E-01 

0.33311E-02 

0 • I9072E-0 l 

0 « 83266E- 

•01 

0.27991E-61 

surface tension* oynes/cm 

0.0 

0* 82605E-01 

0.68900E-01 

0.0 

0*0 

0.0 


0,0 

PRANDTL NUMBER 

O.69051E 00 

Q * 69S58E 00 

0.76693E 00 

0.69967E 00 

0.36795E 00 

0.70929E 

00 

0.67129E 00 

DEW PT. / BUBBLE PT..F 

-0.29779E 03 

-0.95853E 03 

•Q.95831E 03 

-Q.31559E *03 

0.H821E 01 

-0.95891E 

03 

-0.29667E 03 

ENTHALPY* 8TU/L8-M0LE 

0.27972E 09 

Q.29879E 09 

0.38092E 09 

0.38799E 09 

0.30165E 09 

0.38185E 

09 

0.26299E 09 

SPECIFIC HEAT. BTU/L8-M0-F * 

Q.50770E 01 

0.12399E 02 

0*69733E 01 

0.68363E 01 

Q.75121E 01 

0.69988E 

01 

0.51023E 01 

FLOW * ENTHALPY. BTU/HR 

0.0 

0*0 

0.0 

0.0 

0.0 

0*0 


0,0 

COMPOSITION* LR-MOLES/NR 

1 HYDROGEN 

Q.960S9E-01 

0# 16583E-01 

0.0 

0*0 

0.95522E 01 

0*0 


0,0 

2 NITROGEN 

0,0 

0*96099E 01 

0.0 

0.96099E 01 

0.88991E-02 

0.0 


0.0 

3 ARGON 

0*31 I02E 01 

0*0 

0*0 

0.0 

0*0 

0.0 


0.10690E 01 

9 OXYGEN 

0,0 

0*0 

0*0 

0*0 

0*0 

0*0 


0.0 

5 CARSON MONOXIDE 

0.0 

0*0 

0*0 

0*0 

0*0 

0*0 


0,0 

6 CARBON DIOXIDE 

0.0 

0*0 

0.0 

0*0 

0*0 

0.0 


0.0 

7 METHANE 

0.0 

0*0 

0*0 

0*0 

0.0 

0.0 


0.0 

8 HYDROGEN CHLORIDE 

0*0 

0.97199E-05 

0.0 

0*0 

0.23278E-02 

0*0 


0.0 

9 SILANE 

0.59122E-01 

0.23859E-06 

0*0 

0*0 

0.11815E 00 

0*0 


0.0 

10 MONOCHLOROSILANE 

0«0 

0*316l9E-09 

0*0 

0.0 

0.1B888E-01 

0*0 


0.0 

il oichlorosilane 

0.0 

0.58189E-Q2 

0*0 

0.0 

0* I8650E 00 

0*0 


0.0 

12 TRICHLOROSILANE 

0.0 

0*31 873E 00 

0,0 

0.0 

0.21519E-01 

0*0 


0.0 

13 SILICON TETRACHLORIDE 

0*0 

0*13892E 01 

0*0 

0.0 

0.82320E-03 

0*0 


0.0 

19 CHLORINE 

0*0 

0*0 

0*0 

0.0 

0*0 

0*0 


0.0 

15 STEAM/WATER 

0.0 

0*0 

0*0 

0.0 

0*0 

0*0 


0.0 

16 TOTAL MOLES 

0.32159E 01 

Q.63298E 01 

0*0 

0.96Q9«fE 01 

0.99088E 01 

0*0 


0.1Q690E 01 


STREAM NUMBER 

1501 



TEMPERATURE* DEG F. 

0.77000E 

02 

0.0 

PRESSURE. PSIA 

0.16000E 

03 

0.0 

LIQUID FRACTION 

0.0 


0*0 

VISCOSITY. CENTIPOISE 

0.23193E-01 

0*0 

THER.CONO • * BTU/HR-FT-F 

C.10677E-01 

0.0 

DENSITY* LB-M0LC/FT**3 

0.27991E-01 

0.0 

SURFACE TENSION. DYNES/CM 

0.0 


0*0 

PRANDTL NUMBER 

0.67129E 

00 

0.0 

DEW PT. / BUBBLE PT..F 

-0.29667E 

03 

0.0 

ENTHALPY. BTU/LB-MOLE 

0.26299E 

09 

0.0 

SPECIFIC HEAT* BTU/LB-MO-F 

0.51023E 

01 

0*0 

FLOW * ENTHALPY* BTU/HR 

0.0 


0.0 


composition, lb-moles/hr 


1 

HYDROGEN 

0.0 


0.0 

2 

NITROGEN 

0*0 


0.0 

3 

ARGON 

0.20962E 

01 

0.0 

9 

oxygen 

0.0 


0.0 

5 

CARBON MONOXIDE 

0.0 


0.0 

6 

CARBON DIOXIDE 

0.0 


0.0 

7 

METHANE 

0.0 


0.0 

8 

hydrogen chlqrioe 

0.0 


0.0 

9 

SILANE 

0.0 


0.0 

10 

MONOCHLOROSILANE 

0.0 


0.0 

n 

oichlorosilane 

0.0 


0.0 

12 

TRICHLOROSILANE 

0.0 


0.0 

13 

SILICON TETRACHLORIDE 

0.0 


0.0 

19 

CHLORINE 

0.0 


0.0 

15 

steam/watem 

0.0 


0.0 

16 

TOTAL MOLES 

0.20962E 

01 

0.0 


C-?3 


TABLE C- IV: 


EQUIPMENT LIST, 1000 MT/YR COMMERCIAL PLANT 


VESSELS 


Equipment 

No. 

!:c| it 1 pmont Name 

No, 
Roq 1 d 

Type 

Capacity 

Material Of 
Construction 

Cor.t ~\ 
(1st 0. '79 

411-02 

M,(i, Silicon Storage Bin 

1 

Bin 


■ 



• — - — — . 

411-04 

* \y 4 11° S c n S u P pi y __p ;i C k a g c 

1 

Tank _ 

h 8* ooo gal. 

BPfSS 

■ 

421-02 

M,(j. Silicon Lock Hopper 

1 

/ert. Tank 

in 

1 Steel 

13,400 

421-04. 

Was t c So 1 1 1 o r Tank 

1_. § 

/ert. Tank 

1 1,700 gal. 


95,000 

421-06 

. !Yas t e Chlorides Tank 

.. 1 _ 

/ert. Tank 


Steel 

7,100 

4 2 NOS 

Qucnc^ Condenser Receiver 

1 

ioriz. Tank 

3,000 gal. 

Steel 

17,900 

421-10 

Crude TCS Storage Tank 

1 

ioriz. Tank 

20,000 gal. 

Steel 

26 . 300 

421-12 

STC Storage Tank 

... i 

\PI T ank 

25,000 gal, . 

Steel 


421-14 

1 e _ i(y d rogenRccoi ver 

1 

mSSM 

750 gal. 

Steel 

7,600 

42L-JL6 

Uxdrogen Humidifier Tank 



/ert. Tank 

2.5 gal 

Steel 

100 

431-02 

St r ipp cr_ Condenser Re c c i v e r 


/ert. Tank 

70 gal. 

304L Stainless 

3,500 

431-04 

Si 1 ane_St orage Tank 

4 

/ert. Tank 

800 gal. 

304L Stainless 

27,300 ea. 

441-02 

Product^ Powder Storage 1 iopper 

14 _ 

/ert. Tank 

65 gal. 


14,400 ea, 

441-06 

.Pyrolysis Hydrogen Receiver 

1 

/ert. Tank 



5,800 

451-04 

Liquid Burner Surge Tank 

1 

Ioriz, Tank 

1,300 gal. 

Steel 

6,300 

451-06 

Pres sure J2e He f Catch Tank 

1 

ioriz. Tank 


Steel 

11,000 

4S1-08 

JliLipfL .Pustjlin 

1 

Bin 

2,400 cu.ft 

Steel 

21,000 

451-10 

Waste Silica Neutralizer 

1 

Bin 

200 cu.ft 

Steel 

11,400 

451-12 

Strong Muriatic Pump Tank 

1 



Pibergl ass 

15,000 

Aii-11 

Weak Muriatic Pump Tank 

1 

'ert . Tank 


Fiberglass 

15,000 

4.51-16 

fluriatic Acid Storage Tank 

1 

'ert. Tank 


Fiberglass 

8,700 

461-02 

Hot Oil Expansion Tank 

1 

Ioriz. Tank 

350 gal . 

Steel 

15,000 


* *■ !• 1 v char' 1 " N $? 3 nri for limnd tank and vnpnrizcr coil 


REACTORS 


Equipment 
■No , 

Equipment Name 

No. 

Reel'd 

n 

D j amc ter 



r * 

Cost I 

fist O *7m 

425-02 

1 1yd i*o g c n e r a t i on Reactor 

1 

Fluid. Bed 

2.5 ft. 

21 ft. 

uuiia l i ui.i i pn 

Incoloy 800 

142,500 

435-02 

TCS Redistribution Reactor 

1 

Packed 

6 ft. 

25 ft. 

Steel 

89,300* 

435-04 

DCS Redistribution Reactor 

1 

Packed 

2 ft. 

25 ft. 

Steel 

20,700* 

445-02 

Pyrolysis Reactor 

14 

Free Space 

1.5 ft. 

6 ft. 

Quartz- lined 

23,700 ea. 


* includes cost of catalyst 


C-24 


* ?R!Qir4AL Ifc 
pnttq QUALITY 





















































TABLE: C» IV t continued) ; 


HlOO MI7YR COMM ERCIAL PLANT 


l.qti i pmeilt 


No., 

No. 

i.uui pment Name 

Toil'd 

•170-02 

Quench Contactor Pump 

l 

426-04 

Quench Condenser Wash Pump 

1 ~ 

426-06 

Recycle STC Pump 

l 

•136-0.' 

TCS Distillate Pump 

2 

•1 36-0-1 

DCS Distillate Pump 

1 

456-02 

Muriatic Acid Pump 

2 

456-06 

Silica Venturi Pump 

1 


De* i It 
I Flo-,; 


4 60-02 Mot Oil Pump 

466-04 Cool ing Water Pump 


_2 Cent ri Pupal l (>00 f.PM 

2 Vert . Turb, 41 on CPM 


M«“* i t’.n Mat er i a 1 Of 

.. lbs id Con-.t iau’ t i on 

ICO PS1 Cast Iron/ 304 SS 

70 PS 1 Steel 

b!>0 PS1 Steel 

300 PM I Steel 

270 PS l SVeel 

OP PS] Fiber g lass 

JO PST Fiber glass _ 

SO PS 1 Ductile Iron 

75 PS1 4lo SS 


FILTERS 



437-02 


Silane Ultra-Filter 


457-02 Non-Combustibles Vent Filter 


457-04 | Combustibles Vent Filter 


| 2 I Microporo 


1 Bag 


2 B i 


Dus i gn 
t’apaei tv 


65 t»PM 


4 ATI : M 


*100 ACFM 


150 AC PM 


25,000 ACW 


Part icle 
S i ::e 



Material Of 
Cons truer ion 


Steel/Polycth. 

Stool 

31 o SS 

Steel/Polycth. 


Steel/Polycth. 


Cost 


600 

500 

250 on. 
900 


SOLIDS HANDLING 


428-02 

Jlyd regeneration Catalyst Blender 

1 

Twin Shell 

50 cu.ft. 

4 58-02 

Silica Collection Cyclone 

1 

Standard 

2000 AC I 'M 

458-04 

Silica Drum Packer 

1 

Vibrato ry 

One drum/mi mite 

458-06 

Silica Rotary Air Lock 

1 

Rotary Va1\ 

e 120 CF M solid 

COMPRESSORS 


equipment 

No. 


423-07 

443- 07 

443-04 


Material Of 
Construct ion 


equipment Name K 0 q 

Av.vyg.1o Hydrogen Compressor 1 

-Tyro Ly si* Hydrogen Comn. 1s t Stage 1 
Pyrolysis Hydrogen Comp. 2nd Stage T 

Agglomcrator Blower 1 

Waste Gas Induction Blower Y 


i j;u uesign 

Plow Head 


55 ACFM 
doo Aci ; M 


90 PS 1 
530 PST 


J*>5,000 ACIv If' In. W.C 
2:> f OOP* At! i’S 1 00 In. w’.C 


* Itcm cost is included in item cost correspond i ng to this equipment number 


Material Of 
Cons t met ion 

Cost 
(1st Q, 

Steel 

150,000 

Steel 

115,000 

- 

" 443-04* 

Steel 

1-1,000 

Steei 

25, 000 






















TABU! C-IV (continued*) 


EQUIPMENT LIST, 1000 MT/YR COMMERCIAL PLANT 


COLUMNS 


I <|M 1 pilUMl! 
No . 

432-iV 

432-0*1 

432-06 

432-08 


I q u i ]>i u‘in Name 
Stri ppe r Column 
TCS Co hi Jim . .. 

DCS Column 
Si 1 ;*no Column 


liL2r.Q2- LMurXa.tic luillujxJC oluml X 


No,., 

h-q»d 

Type 

1 

T rayed 

1 

'I rayed 

1 

T rayed 

1 ... 

T rayed 

X__ 

Packed 


P i anoror 
2.5. It. 

6 ft. 

— 6 ..ft, 
-1.5 -ft, 
4 ft. 


Number 
Of Trnvs 


Material Ot : 
Const ruct ion 


3Q4L Stainless 


[15 ft. pack t- i berg lass 


.-21,300 
. 56,700 

-54,300 

15,000 


HEAT EXCHANGERS 



equipment 
No . 


424-04 


434-02 


434-04 


434-06 


434-08 


434-10 


434-12 
434-14 
434 -1G_ 
434-18 


Hquipment Name 

No. 

Rcq « d 

Quench Condenser 

1 

Recycle STC Vaporizer 

1 

Stripper Condenser 

1 

Stripper Re boiler 

’ 1 

TCS Column Reboiler 

1 

TCS Column Condenser 

1 

DCS Column Ucboiler 

1 

j 


434-24 
437-26 
43 4-28 
44 4-02 
444 -04 
4 54-02 


TCS Cooler 


PCS Colum n Condenser 
DCS Cooler 

Silane Column Condenser 


Silane Column Reboilei 


Silane Superheat ci 


STC Cooler 
Silane Vaporiser 
~ Silane Sto rape Coo 1 er 
Pyro l ysi s My tin n , e n Cooler 
Pyrolys is I N C omp. Intercooler 
Muriatic Acid Cooler 



Fixed Tbsht 

9,840,000 

Kettle 

4,450,000 

Fixed Tbsht 

350,000 

Kettle 

1,630,000 

Kettle 

8,180,000 

Fixed Tbsht 

8,630,000 

Kettle 

5,980,000 

Fixed Tbsht 

2,480,000 

Fixed Tbsht 

3,500,000 


380,000 

Fixed Tbsht 

160,000 

Kettle 

1 580,000 

Hairpin 

23,000 

Hairpin 

790,000 

Finned Pipe 

60,000 


20,000 


Fixed Tbsht 
| Hairpin 


320.000 

224.000 


Material Of 
Construction 




Steel/304 SS 


Nickel Steel 
Steel 


Steel 


Steel /Cupronickel] 


Ni Steel/304 SS 


304 SS 
304 SS 
Steel 

304 SS 

304 SS 

Stecl/Cupronickel 

Steel 


_ 

15,600 


9,700 

6 , 100 * 


5,000 


t Coolcr | 1 1 Fixed Tbsht | 1 ,230,000 Steel/Mastel loy R| 

Item cost is included in item cost corresponding to this equipment number. 









































TABLE C-IV (continued): EQUIPMENT LIST, 1000 MT/YR COMMERCIAL P LANT 


MISCELLANEOUS 


Equipment 

No, 

liquipinent Name 1 

No, • 
loq’d 

Design 

Sped fictitious 

Material Of 
Construction 

Cost I 

(1st Q, *79) 


Quench G Solids Removal Contactor 

1 

230 ACFM gas at suction 

304 stainless 

15,000 

420-04 

Gas Superheater Furnace 

1 

5,57 MM Btu/hr fired output 

Steel /F ircbrick 

44,000 

429-06 

Recycle STC Superheater 

1 

3,680,000 Btu/hr duty 

304 Stainless 

429-04 ’ 

429-08 

Recycle Hydrogen Superheater 

1 

1,890,000 Btu/hr duty 

304 Stainless 

429-04* 

439-02 

DCS Distillate Pump Accumulator 

1 

1 cu,ft, dry seal accumulator 

Steel 

1,200 

449-02 

Storage Hopper Accumulator 

1 

2 cu.ft, dry seal accumulator 

Steel 

400 

449-04 

Product Mel ter 

14 

12 in, crucible, 80 KW input 

Quartz Crucible 


459-02 

Silica Venturi 

1 

24,000 ACFM gas at suction 

Fiberglass 


459-04 

Strong Muriatic Scrubber 

1 

20,000 ACFM gas at suction 

Fiberglass 


459-06 

Weak Muriatic Scrubber 

1 

20,000 ACFM gas at suction 

Fiberglass 

4,500 

459-08 

Waste Gas Burner #1 

2 

32 SCFM waste gas 

Steel 

10,300 


Waste Gas Burner # 2 

1 

28 SCFM waste gas 

Steel 

1 2, 600 ea. 


Waste Liquid Burner 

1 

80 GPM waste liquid 

Steel 

12,900 

459-16 

Silica Agglomerator 

1 

9,160,000 Btu/hr duty 

Steel 

30,300 

469-02 

Cooling Tower 

1 

4100 GPM recirculation, 2 cell 

Wood 


469-06 

Cooling Tower Make-up 

1 

93 GPM makeup 

Steel 


469-12 

Refrigeration System 

1 

65 tons 0 -40°F brine 

- 

250,000 

469-16 

Hot Oil Heating Furnace 

1 

31 MM Btu/hr duty 


00 

o 

o 

o 


K 


Item cost is included in item cost corresponding to this equipment number. 



































































































I'AM.I- C-V : 


'(lUl PMI : NT SHiCiinCATION, IlYPROliENATION REACTOR 


Issur IM t «> .tyJI/ - ’!) 
Pf'V Mill! IX Itopo rt 


no. nr on 


I QU1PMI NT NO. S_I°' 

flJUll'MI III NAItl- lUOi'oj'.cn.it iiMi Ui-.u-ior 


PROJtCl NAMf 1000 MI'/Yr Commercial Nani 


Oik* ll) 


Type Reactor: Packed 

FI nidi red Pod [\J free Space | “~| 

Reactor Geometry (See Sketch) 


Heioht 


SO ft overall 


Pi ame ter *’* s ft • \ o ft 


Temperature, Opera ti ihi looo l ; 


Des inn 1101V v 


Pies sure. Opera ti no SIS psia _Pesiqn _ 6 lS_psia 

Temperature f o n t r o 1 Me t ho d Supe rho a ter f i rin g r a t o cent r o Is yeaejo r teinpc l\ULur c 
Heats of Reaction 

»S k cal/r, mole (etulot hermicl 


SIS psia 


ln1(*t Streams Oh loro s i lanes, hydroye n, mot a Mura, silicon 
I f fluent Streams Gh lor os i lanes, Inlyroflen, s_i l ieoii_fim's 
Material of Pons t rue t ion ' 'lucoloy S00 
id MARKS : 

Gonieal internals are sheet metal and serve to distribute feeds 
at bottom ami reduce eddying near ton to reduce carryover of 









Issue Date 5/31/79 
Rev , Mo p IX Import 


EQUIPMENT NO. 


432-06 


EQUIPMENT NAME PCS Column 

NO. REQD One (1) 


PROJECT NAME! MO MT/Vr Fommorcia 1 Plant 


6 ft 


52 ft 


39 and S3 


Column Diameter 
Column Height 
Feed Trays(s) 

Design Duties 

Reboiler 5,976,000 Btu/hr 

Condenser 3,504,000 Btu/hr 


No. of Trayc 
Type of Trays 
Tray Spacing 


S i n j* 1 e Pa $ tS Cros s f 1 ow 
7 inches, 8 inches 


Connections: Feed #1 3", Feed *2 1 " 

Reflux 3", Boil up 6 M , 
Bottoms o", Overheads 6" 


External Reflux Ratio 5.06 



Column Toti 

Column Bottom 

l iquid Density lb/ftj 

60.9 

6 1 . 3 

.Vapor Density lb/ft 3 

5.67 

rriT 

L iguid V i scos i ty , cn 
*Vap"or Viscosity, cp 

0.099 

rrrm — — 

Liq. Sp.Ht.. Rtu/lb “®F 

van M) H F Ti hTTTT; Op — 

: OJLUi 

n . 77n 

- 0.0 IS 

0.307 

yuq. rit. , IhU/ID h 

11137 

0. 195 

ouiiuLL i ension, uvnes/cm 

3. 75 

3. 19 

HI U V L VIM U III] lV 

1. 41 

TTy" ““ 


Light Key Dichlornsi lane ti eavv Key TriehWsi lane 


Maximum Solid Size 


50 microns 


Material of Construction Stoo! 
REMARKS : 


— Design Temp. 
Design Press. 


too°F 


415 psia 




Issue Date 3/31/70 
Rev MOP 1 X’RepTTrl 


EQUIPMENT NO. 4 32-08 

EQUIPMENT NAME Si la nc Column PROJECT NAME 10110 MT/Yr Commercial Plant 

NO. REQD Cn 


Column Diameter 
'Column He i glit 
Feed Trays (s)- 


1,5 ft No. of Trays 

45 T t • Type of Trays 

JJ Tray Spacing 




Simile Pays Crossflow 
7 inches. S inches 


Design Duties 


Uchoi .1 e v 580 , 000 B t u/hr 
Condenser 1 60,000 Btu/hr 


Connections: Peed 2", Reflux 1", Hoi hip 3" , 

Bottoms 2", Overheads 1" 


External Reflux Ratio 2,70 



Column Top 

Column Bottom 

Liquid Density lb/ ft** 

29 . 0 

62.3 

_Vapor Density lb/ft' 1 

3.55 

5.11 

Liquid Viscosity, cp 

flum 

— . _ l) . 10 

TVapor Viscosity, cp 

: _ 0.010 . 

0.017 

Liq. Si). Tit. , Rtu/lb . °f 1 

0.700 

0. 304 

y_ ap. So v Ij t . R tu /lb " r 

0.605 

0 .157 

Surface? tension, DVrios7cin 

3.05 

3.52 

He la live Volatility 

2 . 131 

0.042 


Li ah t Key Si 1:1110 Heavy Key n<|,(,r;,ne 

Maximum Solid Si2e So microns Design Temp. 3on°r, «50 l V 


Material of Construction 3M 1. Stainie^ Design Press. 615 jisia 


REMARKS: 







Issue Da te _ •' 7 
pev _j«)jjL±x. ju?poxL_™: 


EQUIPMENT NO. 4: ^~ 0 2 

EQUIPMENT NAME TCS Redistributi on Reactor PROJECT NAME IOOO MT/VU Commercial Plant 


NO. REQD 


One (1) 


Type Reactor: Packed [*T] 

Fluidized Bed Q] Free Space Q. 


Reactor Geometry (See Sketch) 

He i g h t 25 ft overa ll ___ 

Diameter 6 ft 

Temperature, Operating 160°F 

Pressure, Operating 310 psia 


Dos inn 200°F 


Pressure, Operating 310 psia Desinn 415 p sia 

Temperature Control Method Pro-cool cr with by pa ss cont rol 

Heats of Reaction 


Flowrates: 

Inlet Streams 


Effluent Streams 


Chlorosi lane Liquids 
Chloros i lnnc Li quj Js 


Material of Construction Steel 


REMARKS: 


IS ft packed height using amino-hasod Rohm f, Haas A- 21 catalvst 




!m. £-«> HD.nrwwr man**** , m amtmnat mumm 


Issue Oate__ V3J/7!) " 
Pv — MGIl -i.X Jtcpoix 


equipment no. 


435-0-1 


EQUIPMENT NAME _ lies I'edJstrihuti 


NO. REQD 


£M_ Reactor PROJECT NAME 


One (1) 


i 2!HLt!IZVJ L^S-i!g!iergl a l p ] a p t 


Type Reactor: Packed jjj 

Fluidized Bed Q p ree Space j— j 

Reactor Geometry (See Sketch) 


Hp 'qht 25 ft ovor.-.n 

Diameter 2 ft ■ 

Temperature, Operating p 0 o p 

‘ — — — Des i nn 200 °p_ 

Pressure, Operating, Sos min n • 

T “ — — • — -design 765 psi.i 

Temperature Control Methodj ^, Ior wtth „ v ,,_ 

Heats of Reaction 


InlGt Streams - ClUoros i lane 

Effluent Streams _ _ Chloro-silane l.i^mOc 
Material of Construction Stool 


Effluent Streams 


REMARKS: 


IS ft packed height us i 


»K ••mine-based Rohm f, Unas A-21 catalyst. 




TABI.E C-XII: 


ION, PYROLYSIS PPArrnp 


Issue Do to .V.M/77 
PovHOh 1 X Report ' 


EQUIPMENT NO. 445-0.? 

EQUIPMENT tm Pyrolysis Rcnctnr 

NO. REQD Fourteen (14) 


PROJECT NAME J^^J>T/Vr Comoro i a 1 Plant 


Type Reactor: 


Packed Q 

Fluidized Bed □ Free Space |0Cj 


Reactor Geometry (See Sketch) 

Height £ ft 

Diameter l -* 5 ft .id liner 


1.5 ft .id liner x 3 ft od shell 


Temperature, Operating lS00 °r 
Pressure, Operating__ 20 psia 
Temperature Control Metho d Resi ^ 1 . nn .. 
Heats of Reaction 
-8k cal/ g mole (exothermic) 


Design 1 800 l : 

Design ^5 psia 


Inlet Streams 

Effluent Streams 

Material of Construct!' 
REMARKS: 


Silicon Powtlo r, Hydrogen 

°n J9«apt:_liner te| 304 stainless injector 


£sZdJ3 hrr e :i , sin:;;;;: cr 1 in vessel, 

steel outer h heat n« elements, insulation and a 

a wa t cr-coo lded flange P attached to beneath wit 


-It, 


TABI .H C-XIII 


or Pljarr 100Q 


Meehan i ca 1 ('on tract 
Process equipment, Greeted 
Construction Field Support 
Engineering 
Contingency @ 12° 0 
lotal Plant Cost. 


1979 
Pol lars 

$ 2 , 742,400 

3 , 813,600 

149,500 

1 , 019,400 

1 , 053,700 

$ 8 , 778,600 


MOTHS : 


lo Mechanical cont'i , 'ii't' ; „ , , i , 

';" iuii " 8s - **<4. steel , 

equipment VnLlaUou!^' 01 ' '" clmlc ' Process equipment, freight, erection and 

ave ” 80 ° f thc Pontages for various 


TABU- C-XIV 


ELEMENTS OP ANNUA), OPERATING COST. 1000 MT/YR 


UAIV MATERIALS 


Metallurgical grade silicon 
Hydrogen 

ledmical Grade Silicon Tetrachloride 
Cement Copper 
Chemical hi me 


CONSUMABLES 


Redistribution Catalyst 
Pyrolysis Reactor Liners 
Melter Crucibles 
Chromatographs 
Epitaxial Reactor 
Net Chemical .Analysis 


UTILITIES 


Electrical Power 

Natural Gas 

Potable Water 

Water Treatment Chemicals 

Purge Nitrogen 

Purge Argon 

Landfill Disposal 


MANPOWER * 

Labor 

Maintenance 

Clerical 

Analytical 

Supervision 


MAINTENANCE MATERIALS 
Equipment Parts 
PROPE RTY TAXES AND INSURANCE 
Total 


1979 Dollars 


$1,681, 900 

225.900 

591.900 
60,000 

500 


$2,560,000 


$ 74,000 

89.600 

182,600 

21.600 

18,100 

6,000 

$ 591,900 


$ 487,900 

290,900 

21.500 

15.500 
25,900 
17,400 

400 


$ 857,500 


$ 582,500 

254.100 
45,000 

129.100 

262,200 

$1,270,900 


$ 269,700 


$ 105,800 


*See Table C-XV for manpower staffing and duty summary 
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tabu; c-xiv (coin'd.) 


PERIOD COSTS 


1979 Dollars 


Office materials, equipment rental 

Telephone, postage 

Service vehicle 

Guard service 

Trash removal 

Supervisory expense account 
Supervisory relocation expense 
Misccl 1 anoous 


$ 10,800 

8.400 
3,600 
4,800 

2.400 
20,400 
26,000 
16,800 


HOMf! OFFICE CHARGE 


Total 


10 % 


93,200 


of Sales 


TOTAL ANNUAL OPERATING COST 


$5,347,000 
+ 10% of Sales 


tabu; c-xv 

MANPOWER STAFF I ,\'f, f 1 OOP MT/YR 


Staff 


Silane Area Operators 
Pyrolysis Area Operators 

Si lane Area Mechanic 
Pyrolysis Area Mechanics 
Mechanics Helpers 
Instrument Mechanic 

Utility Man 

hah Technicians 

Secretary 

Accountant 

Foreman 

Chemist 

Plant Engineer 
Plant Superintendent 

Total Employment 


Pay Workers 


Shift Workers 
i. s i. 2nd 3rd 


2 

n 


Total Em plo y ed 


9 

9 

1 

5 

2 

1 


1 

1 

5 

1 

1 

1 


SUMMARY OF DUTIES: 

operators - "•^implant, except pyrolysis area. One man is stationed 

I yi olysis area operators - oversee pyrolysis reactors and mclters One man 

at each bank of seven stacked units ' -'to t toned 

Silane area mechanic - repair plant equipment, except pyrolysis area quartzwaro. 

I’y rolys is area mechanics - rebuild quartzwaro. 

Mechanics helpers - assist mechanics as necessary in all plant areas. 

Instrument mechanic - repair plant instrumentation. 

) man especially around waste treatment equipment to pack 

n ' Cl '" iCi “" S • •» chromatographs, epitaxial reactor and perform wo, ohemistrv 
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TABLE C-XVI 


HMiMENTS op START-UP COST, 1000 MT/YR 


.firing pro-hiring and training 


Cist Qtr 1979 noil a r s ) 


Opera ti ng Labor 
I •'or oman 

Accountant cleric 
Lab Technicians 
Supervisory 


Preparation of Operating Instructions 
Engineering Assistance 

Liaison to construction 
Training Assistance 
Checkout Assistance 
Startup Assistance 


Operating Costs, including overtime 


$ 88,700 

40.400 
5,400 

13.400 

50.400 
I 198,300 

$ 43,000 


$ 

35,000 


17,000 


17,000 


47,000 

T 

116,000 

$ 

912,600 


Equipment rework costs 


$ 310,000 


Total start-up costs 


$1,579,900 


r 
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TAB LE C-XVII 


ELEMENTS 01- WORKING CAPITA!, , 1000 MT/ Y R 


Doll ai's 

(.1st. ()t r 1 979) 

AC COUNTS PAY ABU: 


Raw Materials 

$ 

194,000 

Utilities 

82,200 

Labor 


38,500 

Property Taxes 


8,500 

Income Taxes 


189,200 


$ 

512,200 

ACCOUNTS RECEIVABLE 

Total 

11% of sales 

INVENTORY 

Raw Materials 

$ 

90 , 500 

Spares and Consummables 


48,300 


$ 

138,800 

TOTAL WORKING CAPITAL 

$ 

65 1 , 000 


+ llv> of sales 


The basis of this table is as follows: 


Accounts Payable : Raw Materials 30 days 

Utilities 35 days 

Labor 1 1 days 

Taxes (Property f, Income) 45 days 

Accounts Receivable : 40 days 

Inventory : 14 days- 
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1'|| i mini iiwiw 


Tab 1 o 

n-i 
n- 1 1 


Am-N nix n 

TUMM bKt: 1 A | . PLAN T CjSSlIH 1 ) 


SUCTIONS OF APPFNOTX n 

Tit 1 p 

Fipiipmont List, 120 MT/Vr Commercial Plant 
I. lemon ts ot Plant Capital Cost, 120 MT/Yr 
I'lomonts of Annual Op'ratin^ Cost, 120 MT/Yr 


n-in 


TABI.K D-I 


RQIIIPMRNT LIST, 120 MT/YR COMMERCIAL PLANT 


vessels 


liqui pment Name 


Hcon Storag e Bln 
Hydrogen Cylinder hank 


C a pac i tv 


421-04 

421-06 

421-08 

421-10 


421-1 


42U14 
4 2 1 -_1 6 
431-02. 
431-04 
441-02 


441-06 


’ert . 

Tank 

f ert . 

Tank 


Cru de TC S_ Storage Tan k 

STC S torag e Ta nk 

Recy c le Hy d r o g c n_ _R c ce i v cr 

J W drogc njjum id i fie r .. Tank 

Stringer Condenser Receiver 


Silane Storage Tank 


£rp du C t _P owd e rjs tqragejlo pp or 

Pvrolvsis Hydrogen Receiver 


Mould Burner Surge Tank 


Pressure Relief Catch Tank 


Silica Dust Bin 


W a s t c Si lie a Neu tralis er 

Strong Muriatic Pump Tank . . 


Weak Muri a tic Pump Tan k 

Muriatic Acid St orage Tank 

Hot Oi 1 Expansion Tank 


'ert. Tank 


'ert, Tank 


5000 gal 


rt. Tank l 3500 g m 


140 gal 


0,3 gal. 


10 gat. 


'ert , 

Tank 

/ert . 

Tank 

/ert . 

Tank 


Bin 


Bin 


’ert. Tank 


Vert . Tank 
. r ert . Tank 
lorit. Tan 


BOO gal , 


1 4 1 0 cu 
200 gal . 


Tank 4 50 gal. 
Tank I |350l\. j'.a l. 

Tank I t<»0 );:i1 . 


3041, St a i nl ess 
3041, Stainless. 

Steel 

St eel 
St cel_ 

S t o cl 
Steel 

Fi berglass 

Fiberglass 

Fiberglass 

Steel 


co<At is included in item cost corresponding to this equipment number. 


REACTORS 


100 


1,030 


15,2 1 U_e 
14, 400 c 
__Jp,O40_ 

j_, ro 

0 ,220 
5,"00_ 
7,200 
. 7, B00 
4 , 350 
469- 1 o* 


qm pment 

_ N o. equipment Name 

25-.U 2 .. 

35-04 — DCS Redistribution Reactor 

45-02 P yr o lysis React o f 


No. Material Of Cost 1 

Jkill'l — _Jiru? J2ijjm.ni.ci _LlcijUiL CiauUxuctiou L? ^ *_EL, 1ZJ 1 1 

1 ,:,u icA 2 7i._ . 24_ft . tncnlov 800 ] -B,r.00 | 


Packed 
dacjve.d 
Free Space 


25 ft 
25 rt. 


Incoloy 800 
Steel 
S t e e 1 


0 ft. 'Mncotov S00 


20 , "* 00 * 
20,700* 
28,700 ea. 


Includes cost of catalyst 






































TABLE D-I (continued) : 


EQUIPMENT LIST, 120 MT/YR COMMERCIAL PLANT 


r' 

466-02 


466-04 


[lii u i promt Nn mo 

Quench Contactor Piimn 


Quench Con Jon so r Wash Pum 

BecyeJl c STC Punp 

TCS Pi sti ll_at ey puinji 

DCS’ Djstj.1 late Pump 

Mu ?\ijitic_Acid Pump 

Si li c a Venturi Pu mp 
Hot Oil Pu mp 


PUMPS 


3600 CPU 


45 CPU 


450 GPU 


1300 GPU 


850 GPU 


120 GPM 


40 GPM 


195 GPM 


IVertiTurbindSOO GPM 


Item cost is included in item cost corresponding to this equipment number. 


100 PS. I 
70 PSI 


550 PSI 


300 PSI 


70 PSI 


304/316SS 

Steel 


7610 


1300 


8120 

14,700 

ca . 

9,300 

3,50 0 

ca . 

2,000 

ea. 

469-16 

+ 

469-02* 


FILTERS 


qiiipment 

No„ 


No. equipment Name 


N.G. Si 1 icon Unloading Filter 


4 .. f - n „ | Crude TCS Filter 

437-02_ Silane Ultra -Filt er 

457- 02 N o n “Combu st i b leg Ven t Filter 

-4.32.^04 _ Com bust ib.l cs _Vc.n_t ^Fil ter 


Bag - ■ 

.. Htlfio 

. Mi cronorc 
. Bag 


Design 

Capacity 


500 AC PM 

8 GPM 

0.5 ACFM 
50 ACFM 
20 ACFM 
3000 ACFM 


Particle 
Si ce 


Material Of 
Construction 


St eel /Pol ye st or | 470 


Steel 250 _ 

304 SS 380 c a 

St eel 560 

Steel 560 

Steel 8150 cu 


SOLIDS HANDLING 


rqu i pmen 
No, 

12S-JQ2 


8- 

S- 


equipment Name 

lydrogenation Catalyst Blende 
iilica Collection Cyclone, 
•ilica. Prune Packer 


Cnpac i tv 


S0..ACBU as 
ne. d.rum/niin 































TARl.r, D-i (continued') : 


JiQUTPMl-NT UST, 120 MT/YR COMMERCIAL PLANT 
COMPRESSORS 



iioiiipment Name 


Stripper Column 

.TCS^Column ... 

.DCS. .Column 

S i_l an c_Co 1 umn 


_! Trayed 

1 Trayed 

Jl -Trayed 

. 1 ...Trayed 
J Packed 


-JULft.- 

-JLsJLft*.. 
-2;S±X±^.. 
1-11 f.L. 
2.0 ft. 


SS . _ 304L. Stainle**- 

10 ft . pack, Piborplass 














TABU' D-II 


ELEMENTS OF PLANT CAPITAL COST, 1 JO MT/VR 


S 


Description 

(1st Quar- 
ter 1979) 

Mechanical Contract 

s* 1,795,200 

Process Equipment, Erected 

1 ,456,100 

Construction Field Support 

149,500 

Engineering 

1,019,400 

Contingency (12%) 

552,400 

TOTAL PLANT COST 

$ 4,952,600 


NOTES : 

!• Mechanical contract includes site preparation, foundations, support 
steel, buildings, piping, electrical and instrumentation. 

Iiocess equipment, erected includes process equipment, freight 0 
erection and equipment insulation. 

3. Contingency percentage is a weighted average of the percentages 
for various elements from historical experience. 


tabu; d-iii 


l-.l.l-.MI.NTS 01’ ANNUAL OPERATING COST. 120 MT/YR 


Description 

(1st Quar- 
ter 1979) 

Raw Materials 


Utilities 

Manpower 

$ 313,290 

140,670 

Maintenance Materials 

1,048,750 

Analytical Equipment Charges 

96.700 

45.700 

Consummable 

Property Taxes and Insurance 

65,940 

Period Costs 

3 / ,710 

Home Office Charge 

93,200 

10" of sales 

TOTAL YHARLY OPERATING COST 

(except depreciation and capital charges) 

1,861,900 
+ 10°o of sales 


lor typical details 


see Table C-XIV 


APPENDIX E 



SECTIONS OF APPENDIX E 


Table 

E-I 

E- II 

E-III 

E-IV 

E-V 


Title 

Heat Duties 


1COO MT/Yr Commercial Plant Stream Summary (Issue 2) 
1000 MT/Yr Commercial Plant Stream Catalog (Issue 2) 
Trace Component Analysis 


1000 MT/Yr Commercial Plant Physical Properties 
Process Streams (Issue 2 ) 


for 


Page 
E - 2 

E - 3 

E - 6 

E - 18 

E - 19 




1ABLE E-I: 1000 MT/YR COMMERCIAL PLANT HEAT DUTIES (ISSUE 2) 


Equipment 

No„ 

424-0 2 
424-04 
_429-06 
_4 29-08 
1434-02 
434-04 
434- 06 
43 4-08 
434-10 

434- 12 

434- 14 

434-16 

434-18 

434-20 

434- 22 

434-24 

444-02 


Quench Conde nser 
Recycle STC Vapor izer 
Recycle STC Sup erheater 
Recycle H 9 Super heater 
Stripper Condens er 
Str ipper Reboiler 
TCS Colum n Reboiler 
TCS Col umn Condenser 
DCS Column Reb oiler 
TCS Cooler 

DCS Column Condenser 
DCS Cooler 

Silane Column Cond enser 
Silane Column R eboiler 
Sila ne Superheater 
STC Cooler 

Pyrolysis Hydrogen Cooler 


Heat Duty 
(Btu/Hr) 

8,182,900 

3.715.000 
3,098,700 

1.575.100 

176.600 
1,095,300 

8.536.00 0 

8.623.50 0 

5.852.500 
2,483,200 

3.361.100 
522,31 3 
174,100 

650.60 0 
17,200 

649,800 
237 nnn 




TABLE B-I: 1000 MT/YR COMMERCIAL PLANT 

— STREAM SUMMARY (ISSUE 21 


01 SCR l r* T | IV 


239 

1 . . 

240 

179 

242 

U5 

243 

1 80 

300 

67 

301 

66 

303 

70 

307 

74 

300 

75 

311 

176 

312 

lb? 

313 

57 

3U 

58 

400 

7 6 - 

401 

77 

402 

7b 

403 

7n 

404 

80 


METALLURGICAL GRADE SILICON PJa'wLR FELD 
COPPER CAlALYST n LG 
HAKE-UP S TC 

FLUllH/ATlON H? ,T0 4dj-o? 

PHKSSJR WAT | ON m? TU nOPPfft 421-02 
ATMOSPHERIC VENT FROM CTClONL 4)7*0? 
FFF.O TO M YORO(*>E SA t I ON REACTOR 

proouct from reactor 425*02 

COOltD RECT, TO STC STORAGE Tama A31M2 
OuLRCMtD 5TC/TCS TO SETTLER 42J-04 
HECfClE S'C/TCS UjtNCn STREaf 
WASTE CHLOHJOE SAlIS FROM SETIlEN 
SAT. VAPOR H2/TCS/5K TO CQnD, 4?4- 0 d 
SAT. LtU. M,?/TCS/Src OUENCM RECVH 
SAT. L 1 0 . TCS/STC TO JJENCH Pu«P 42ft-U4 
UQUIO RECYCLE TO SUTLER Ad) “04 
UUEnCH STREAM to CUMOENSER 424-02 
, H * vapor FROM 4*1-08 RECEIVER 
TCS/STC Liu. PROO* TO CRUDE Tank 421-10 
H 2 FEEO TO COMPRESSOR 42.1-O?i0J 
COMPRESSED Md TO H2 Mb A TER 429-08 
superheated h2 to reactor 42S-02 
SUPERHEATED src TO REACTOR 425-02 
SAT. VAPOR SIC FROM VAPORISER 424-0* 
CRUDE TCS/STC TO SECTION 2 
' CRUDE TCS/STC TO FILTER 427-02 
STC FROM STC STORAGE TANK 4*1-1? 

STC TO STC VAPORWLr 4*4-04 

LIUUID TCS/STC TO OjEnCh PJMP 426 - 02 , U 3 

TRANSPORT AIR TO ULUR 4 l/«u 2 

recycle stc purge stream fhjh ^2*-y* 

AIR TO RECYCLE HYDROGEN hEATEm 429-mm 

ATMOS. VERT FROM RECYCLE HEaIEk 42V-oh 

AIR TO RECYCLE STC mEaTER **9-U6 

ATHOS. VENT FROM RECYCLE STC mTR. *,?9-0ft 

STC HOT TOMS PROD. TO STORAGE UNK 421-12 

432-02 STRIPPER HOTTOms PRODUCT 

432-02 STRP. 8 TMS , VAP, FROM R£ 0 , 4 U- 0 * 

432-02 OVRD PRODUCT 

432-02 CONOENSEO OYhu PRODUCT 

432-0? STRIPPER REFLUA 

-32-02 STRIP, 6 TMS. U TCS/STC Column 

432-04 oo r toms °°;)Uurr 

432-04 RTMS. VAPUR FROM RE8J T *E R 4J--06 

432-u4 0*mu PRODUCT 

TOTAL 432-Oh CONDENSED OVHU PRUOuCT 

PHESSuftl/EU 432-02 PRODUCT 

432-08 1CA/5TC PRODUCT TO 4J2-J4 — 

432-04 R t‘ F L U A 

TCS FEED TO DCS/TCS COLUMN 4 * J<f . 0tt 

IS? FUD tn KtACfUR 435-02 

COOlLO TCS BOTTOMS fro* 43*. W 
432-06 BOTTOMS PRODUCT 
432-06 HOTTUms VA»UR FROM RtHOl LtR 
4 12-06 UvmD PRODUCT 
432-06 KtF L U A 

432-06 CONDENSED OVmu PRODUCT 
PRESSUR WEU 4 12-06 Ov HO PRODUCT 

£"2^? DC Lf tno T0 HLACT ^ 

MCS/SIH4 PRODUCT TO CULUMN 432-06 
432-08 BOTTOMS RECYCLE 
432-08 BOTTOMS VAPOR 

TOTAL PROO. SILANE FROM CONO. 434-1A 
432-08 VAPOR OVhO 10 CONDENSER 

vapor wed siha to superheater 434 - 2 ? 

SUPERHEATED SIH4 TO riLTEH 43/-02.03 
FILTERED SUPERHtO. 5 1 H4 TO SECTION 3 
432-06 T01AL MOTTOMS PROfUCT 
TCS RECYCLE * P 0 M 434-12 FU STC RFC tu 
432-04 BOTTOMS PRODUCT ^ ' 

4J2-08 8 U 1 T U M S PRODut | 

432-08 PURGE SIlAnE t\> 432-02 
432-08 BOTTOMS TO REhoILKR 4j4-?o 
4J2-08 BOTTOMS VAPOR |m H ! 

ThhoT, S I H4 WED TO o T ^. JLt R E A l T , Uh-p, 

SI PUVUER 6 M 2 ro HUMPH 4„1-0P 2 

TOIAl SI MKLtEU PRODUCT 
Iota,, silt, j SI ro-um t jss 

H2 nijM pthol rs i s heal T or ij 4 . 4-02 
LOUlEO M T . ULt Ht> rJ LUMJi.-EbSUR 4.3-0r.L4 

r c > »" "> fY.wo a ^ J .n^ 0r,fc% 

MAKE-JM M2 Fmom STORAGE 

A!*«us. VENT Fru- vEvT HEADER 

CUHHUSMUN ffj hU^Ni R 43 *-t)(> 

combust iov a.jh tu hSn-io 

COMRUSMUN UUtNLM «|, fu HUJVh 4Sr-1(; 

tot,u nu. 


T # F , 

P * PS J A 

L I U, 7 R , 

75,0 

15.0 

0,0 

73,0 

15,0 

0,u 

75.0 

20,0 

1,0000 

.10 0,0 

510,7 

0,0 

150*0 

Sib, 7 

0,0 

75,0 

14.7 

0 . ft 


94 4.0 
9 Jd . 0 
120.0 

J50, 0 
356,0 

356. 0 

100.0 

100.0 

100.0 

100,0 

100.0 

100.0 

100.0 

100.0 
* 61.0 
969.1) 
44 3,0 

loo.o’ 

100.0 

75.0 

75.0 

356.0 

77.0 
• 443,0 

77.0 

1500.0 

75.0 

1000.0 

?1 7.0 

214.0 

219.0 
130.2 
-25.6 
-25,6 

219.0 

2U.2 

217.4 

1 59,o 

154.4 

154.4 

156.0 

154.4 

154.4 

156.0 
t 5« .6 
326.9 
327. J 

256.5 

24b. b 

246.6 

d 4 o , b 

122.0 
1 2d * U 

267.0 
2o 7 , 0 
-25. 7 
-23.7 

-25*7 
-25, 7 
-25* 7 

126.0 
126.0 
32 7,5 

158. 0 
217.4 
26/. 0 
-25,7 
26 7.0 

26 7 , ti 
/ 7 . o 
I Sbd.U 
l I/O, 0 
2600. II 
1 ldu.0 
1 5 6 2 , U 
1 U U . 0 
30u.0 
77. u 
lOU.o 

77.0 
77.0 
77. u 

306.0 


SI 0,7 

1.0000 

513), 7 

0.0 

521,7 

0.0 

51b. 7 

0.0 

S16.7 

0.0 

521.7 

0.0 

95.0 

1 .0000 

100.0 

i .nooo 

20.0 

1.0000 

526.7 

1.0060 

bid. 7 

1 . OOoO 

1 4 , 9 

0.0 

520.7 

1.0000 

14.7 

0.0 

1 6 , 0 

0.0 ■ 

14. > 

0.0 

15,0 

0.0 

55.0 

1 . 0000 - 

69.6 

1.0000 

70.0 

0,0 

6 5,4 

0,0 

64 « «> 

1 .0000 

7 0.0 

1 .0300 

7*1,9 

1 • II :1 *1 0 

5- « y 

1 . (M)U0 

55. U 

0.0 

3 6,2 

0.0 

-9.2 

1 .0000 

J 2 11 , y 

1 • <'060 

64,11 

1 • Of) l<0 

’>5.0 

1 • 1*060 

320.0 

1.0060 

85 • 11 

1. L. 0 0 0 

«5. 0 

1 , 0666 

319.9 

1. u nun 

320.0 

o. 0 

3 i n . ’ 

6 , J 


J 26,0 

1 • onou 

314.1 

1,0000 

5 DO . 0 

1 « uOuO 

549.0 

i • • 1 0 0 0 

548,0 

1 . J 0 u n 

360.0 

1 • <>060 

360, 0 

1 » 0060 

354 . 0 

u.o 

355,1 

0, li 

354.1 

J • 0 n u 0 

360,0 

1,0000 

374 .1 

(1,0 

374,1 

0.0 

25. n 

0.0 

320,0 

l.OOi'f 

hi , u 

1.(060 

bb.o 

1 • (I0(f0 

.150,0 

l .COO <1 

354.1 

O.g 

.16 0 , 6 

l ,Ot.u.| 

Jb.j. L 

U. ') 

25. f 

0,1. 

26, 0 

O.r, 

dc, u 

6 . *■ 

dll, L 

O.u 

di' . 0 

r. 

?•! , 6 

O.u 

l 5 » n 

O.u 

55u . 0 

0 . >) 

50,0 

V. l 

In. ) 

u. u 

U. ? 

0,f. 

14. t 

6., 

1 4 , / 

0 , l 

1 H . 0 

6 . 0 
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TABU- E-II: 1000 MT/YR COMMERCIAL PLANT 

(conti .muni) STUB. AM SUMMARY (ISSUE 2) 


SHEAM N'T 

INI, <i». 


T.F . 

P*Pbl A 

* l R , r . 


•••••••••ft 



it » * 4 It • 

• • • .i t> ■ * 

405 

HI 

CUMmJSTION }.jf NTM Mm I'l ;IUR*KH *V/«u8 

7 7.0 

14. 7 

0 , 0 

406 

82 

LpJJt-i tUiRNER 4i9-l* M t r > 

150.0 

34 , / 

1 » HOC ) 

407 

8 3 

IHUO • A 5 If fK.JH UN* 45 1-06 

350,0 

64 , 7 

1 . 0 ii * 0 

408 

H 4 

CjHMjSrlON JJtNClH A 1 8 TO 0U9NF8 4 d9-H 

7 7,0 

14,7 

V . 0 

409 

85 

COMMJ3TION A|R 10 8J.< H 8 4b-#- 1’* 

7 7,0 

14,7 

0 , 3 

410 

86 

ATMUSPmER I C Vfc’Jt r 8()r« TA\* 451-06 

350,0 

l 4 * 7 

0.0 

4 l l 

87 

F lUK G.\5 FUJM MJRnER 4 5 9- 1 4 

HUO.U 

14, j 

0 , 0 

412 

Ho 

TuOK G A b fK04; UjKNtX 4 54-1 0 

6 0 0,0 

14,3 

0 , 0 

4 1 1 

89 

Fl.Ut UAb FbJ4, iHiflNl R *»5«-i1p 

800. 0 

1 4 , J 

0 , •) 

4 1 4 

9 0 

ATMOS. AH Vt.NT MO 8 AbfiLJM, 459- 16 

250.0 

15.0 

0 . II 

4 IS 

91 

COOL CO f L kJt OftS SH. 10 rUTt< 55 7-06 

300.0 

1 J . 8 

0 , (1 

4 1 6 

92 

TOTAL FluE GAS TO AGGLOMERATE 4b9-l6 

HOu « 0 

u.o 

o, n 

417 

9 3 

GAS VENT FhOm CrCwONL 458-02 

6 0 0, 0 

l 4 , 2 

o , o 

418 

94 

MLTE**E0 Flue, gas TO FIlTEM 357-0tf 

300.0 

lJ.il 

o . u 

414 

9b- 

SILICA FROM FIlTM 55 7-66 

loo.o 

14. / 

u.o 

420 

96 

TOTAL SU1CA FHO" FILTERS 5S7-U6iC‘8 

100,0 

14, / 

U , i» 

421 

97 

SILICA FMJM FILTER 557-08 

100.0 

14.7 

0,0 

422 

98 

SILICA TO OUST hlN 451-08- 

600.0 

l 4 , 7 

0 , 0 

•*2 3 

99 

SILICA T 0- UR JM PAC6f« 458-04 

100.0 

14, 7 

U.o 

425 

215 

RECYCLE TO SILICA VLNTuSI 459-02 

105,0 

42,0 

l.oooo 

426 

227 

StURRr TO SK1CA NEUTRALIZER 451-10 

105,0 

42.0 

1 , iVJ 0 

427 

103 

RECYCLE M2U FROM PUMe- 456-06*117 

1 05. J 

42. u 

1 . Uoo 

429 

105 

MAKE-JP WATER AND 4 5 *J - u 2 30TIJ5S 

105,0 

12.2 

1 . HO III) 

m3u 

106 

RUlTUMS FkOM VENTjKJ *59-02 

t 05.0 

12.2 

1 . 0 0 0 0 

431 

107 

HCL VAPORS TO MURIATIC $t'RU8U£R 459-04 

105,0 

12.2 

o.o 

4 32 

108 

MURIATIC SCRUUHER 459-04 EFFljENT 

105.0 

12.0 

0 ♦ 5 0 U 0 

4 33 

109 

STRUNG MURIATIC ACID PRODUCT 

105.0 

12.0 

l ♦ OOoO 

434 

no 

MURIATIC AGIO FROM I A SK 451-ub 

105,0 

1 4 . 7 

1 . 00"0 

4 35 

in 

w£A* MIJRHTIC ACIj TU TAN* 451-12 

105,1) 

U.O 

1 . 0 noil 

4. 36 

112 

STRONG MURIATIC ACIO iO SCKUltrJFK 43*>-U6 

1 05,(1 

12.0 

0 , 0 

437 

113 

*»h A* MURJaTIC AC 10 TU Ru^p 456-0 2 

1 05,0 

12.0 

1 . MU 

438 

114 

SfRONG MuRI. A C 1 1) RECY, 10 CU.'LEH 454-02 

105,0 

59. u 

i , "i)ou 

439 

115 

TOTAL MURI, A C ! 0 -tCVCuE/^ROO 3i*T 

10-5,0 

39.0 

l ,n«iuii 

4 4 0 

116 

wE A* AC 1 0 SOLUTION TU RUM* 5 465-04 

105.0 

11.7 

1 * 1/OU" 

44 1 

11? 

FFFLUENT FRJm SC-'i'JbHM 459-06 

105.0 

tin 

i . II li-u 

44? 

118 

M'.lR I AT I c AC If P9*J}UCr to fANN 451- H 

103.0 

14. 7 

1 . 0 0 0 u 

443 

119 

ATMOS. VtMT FROM RLUKtR 453-04*05 

105.0 

14.3 

0 . J 

444 

120 

HCL L-V1EN GAS Tj TAKING Cl'wO^S 452-02 

) 05.0 

11*7 

0 . ) 

4 4 S 

121 

5 T R I P 0 E 0 GmS FROM T A I L t no COLJMn 4b?- 0? 

1 05. 0 

1 1 *6 

0 . 0 

*46 

122 

w t A M muRHTIL AC I Ci from UN* 43I-W 

105. 0 

1 1 . 7 

i . • I u u 

44 7 

12 3 

MURIATIC ACID PRGCJCr 

7 7.0 

3 9.0 

l . (I .V'll 

448 

124 

FINE TO SILICA Nf.UlRALi/fR *51-10 

7 7 • f 

*4,7 

0 . '• 

449 

12b 

WASTE SLUI'UF ro UlSPObA* 

7 7,0 

1* . 7 

1 « i o i 1 n 

4 50 

1 26 

ft ASK *AKn TU l)l$PJ-.'«L 

7 7.0 

i * . ' 

1.1!') 0 

451 

127 

f-LUE GAS 1 0 SILICA vE JTvlRl .-3*»-V2 

J 0 U , (] 

1J.O 

U . H 

452 

128 

A 1 M u S * VENT FROM V)N-C.')Mh JS T . * 'E AOt R 

1 uu . 0 

1 3.0 

*1 . ’7 

*53 

129 

VAPOR FlASh-lIF ► v')w i Asr 4 6 l - 0 * 

16 0,0 

3**7 

V . H 

454 

1 30 

VAF'JK F L ASm-OFF 1 11.14 ( a VW 4^1 -JO 

3 5 U . 0 

6 4,' 

9 , u 

1 uoo 

1 32 

CUOlIVi* ft a 1 1 .< 10 sic C.KVFR *.l*-24 

65, 0 

75. >1 

l .1 9 U U 

loot 

133 

COOLING ft A T E 4 To .MEMO CUNL). **24-0? 

35, ,) 

?3.0 

1 . ')U(I 

loo 3 

135 

CnOulNG WATER TO CJMOtNStR *34-06 

55,0 

7 3. u 

i • 0 o o ii 

1004 

136 

COOLING wATEH TO CUULf.R * J4- i 2 

85,0 

"73.0 

1 . H Iji'd 

1005 

137 

COOLING WATER TO CONDENSER 434-12 

5 3, U 

73.0 

1 . >) u It o 

100b 

138 

COOLING WATER TO CUULE« 43*-l6 

85,0 

7 5 . 0 

1 . i.0ol' 

1008 

140 

COOLING WATER fl) MUTER 44 9-04 *U6»Un 

6 3,0 

73.0 

i , r o o c 

1014 

1 44 

COOL. WATER I (> MA<t-iJR 10 VENTURI 459-02 

65.0 

75.0 

1 . 1 ? »i 0 

1 0 16 

143 

COOL. wTw. TO PTRO. RECY. COM? 443-02*04 

85,0 

73.0 

1 . JOUU 

1017 

142 

COOL. WATER fO RECY. rt? COCKER 4<*?-ij? 

65,0 

73.0 

i • (t v u 0 

lot* 

141 

COOL, w f R • TO MURIATIC AGIO COUl. 4b*-02 

83,0 

75.0 

1 . I'UOO 

1019 

139 

cool. wH, ru make-up to scrus. 459-05 

66,0 

75.0 

l . iinoo 

1020 

134 

COOL, ft T R » TO DRUO. P.H.STOR, MOP *41-02 

65. L 

75.0 

1 . OOOO 

1099 

lb2 

COOLING WATFk HEADER 

83 , U 

75.0 

1.0000 

1100 

* 

COOLING w A 1 E 8 RET. FhOM STC COuL. 434-^4 

100.0 

63.0 

1 . uOm' 

1101 

69 

COOLING WATER RET, FROM STC CDULE* 

100.0 

63.0 

1 . 0');Ui 

1103 

71 

COOLING W A K R RfT, t-RU* CONJ. *34-68 

1 09 , 0 

33.0 

1 , u 0 0 u 

1104 

72 

COOLING ftATEK PET. FROM CJUuM 4 34- 12 

100,0 

63.0 

1.0100 

1 1 05 

73 

COOLING water RET. FHyM CON'D * 4 34- 1 4 

loo.o 

63.0 

1 . t) .7 D 0 

1 106 

101 

COOLING WATLH RET, FROM CDOwER 434-16 

loo.o 

63,0 

1 • ii 01 D 

1108 

102 

COOL. WATER RFT. F R{JM MUT* 445-04 * 06*06 

loo.o 

63. 0 

1 . H 0 1 0 

1 1 l 6 

131 

COUL. WATER FROM ® Y R 0 u • COM?. 4 33-0?.04 

100,0 

6 3.0 

1 • 0 C u 0 

1117 

187 

COOL. WATER FROM RECY. M2 COUuI R 44.-02 

100,0 

t'5.0 

1 . 0 0 1 U 

1118 

1 88 

COOL. ftATEH FROM MURA. AGIO COOL. 454-0? 

100 .0 

6 3.0 

l . 0 i) i* i 

1120 

189 

COOL. WATER FROM *>ROU. mO^PEU 4 4 I - u ? 

loo.c 

63.0 

1 . IHI.'ll 

1 1 99 

1 b3 

COOwtNG • A TER RFTjRN MfAP£« 

100.0 

bS.C 

1 . 0 t " ii 

1200 

19b 

NATjMAt GAS TO 91 CY, M E A 1 f> * 1 9 - v> P 

7 3.0 

1 i.O 

0 . I’ 

1202 

198 

NATURAL GAS to wAsTE muRNER 439-08 

73.0 

13.0 

0 , 0 

1203 

199 

NAHiRAL GAS to hASTL HORNER 4d9-10 

7 3.0 

13.0 

0.0 

1204 

200 

natural gas To ftAslE lU, BjRNLR 459- 1 4 

7 5,v 

15.0 

0, 1) 

1299 

154 

NATURAL gas HEADER 

75,0 

13.0 

V » 0 

1 399 

1 5b 

Pi ANT A 3 R HT.AiUR 

7 3.6 

#.i.7 
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TABLE K- II; 
(continued) 


1000 MT/YJ? COMMERCIAL PLANT 
STREAM SUMMARY (ISSUE 2) 


STfifUM no mi, NO, 


i <1 00 
U 0 1 
uo? 

U 03 

uo*» 

1 Ob 
UOft 
U 9 V 

1500 

1501 
l 5 9 V 
1 6 0 0 
1 50 1 
lhO? 

1 699 

17 0 0 
l 701 

1 70 a 

1 799 
100 0 
1801 
180 ? 

1003 

1 80* 

1 805 
1 899 

1900 

1901 
190 ? 

1903 
1 904 

1 905 • 

1 999 
2000 
2001 
2002 

2003 

2004 

2099 

2100 
2199 
2?00 

2299 

2300 
2399 
24 C 0 
2401 
2402 — 

2403 

2404 

2405 

2499 

2500 

2501 

2502 

2599 

2600 
2601 
2603 
2699 


172 
1 7 3 

174 

175 
17ft 
177 
167 
15b 
201 
202 
157 
203 

?U 4 

205 

156 

?0ft 

207 

208 

159 - 
?Ov 
210 
211 
212 

213 

214 

1 60 
216 

217 ~~ 
210 

219 

220 
221 
161 
22? 

2?3 

224 

225 

226 
ISO 
2?8 

190 

229 

191 

230 

192 

231 
23? 

233 

234 

235 

236 

193 

237 
23ft 
145 
1 94 

239 

240 

241 
195 




ofscmptiun 


»»#<»#« • ««»«,>« a 


*» 3 * SIUC&N 4 i J I "• 6 1* 1 

N * *AU OH srr 5TO.VAM. ] ank Wi ll, 1 

""ess. Hi TO haste ri« 

** UN C.tuje “ire Una ui-u 

N? jMfcAM 10 *ASfF *vJh N£ 9 469-08 

N? A «0 TO 5 J WfJt T A 451-04 

N? P 0 .?r,L fu CATCH UNK hIX-ch 

N I T-< ; j£ N H£ Ai)R 9 

AWGJN TO Mf.tfgn 44 V-, 4 , 06,08 

u silicon 

AHUy-i.HtACtN 

«tr. HR HE |f) CUN Jt.NSt.'T 4 34 -, w 
yvpjr t.) CUN 3 t 9 S tR 434-02 
RfcMHFRANT HrflNt nr 4 JLV 
HWlNfc. WET. Tank* **Jl-^ t 0 h # j 4 in 

HhInC »ET. F HUM CONJ, 4 J 4 - 1 m 04,10 

HHINt UK r . ahum cy-ND. J 

REFHIC.fRANI HHIsE R-.lj.,-,, ^tAllU 
COLO HEAT TRANSFER OIL 1-1 Lu 

M , Ar TRAN!>f f'' OIL TO KEUO. A 1 A-UA 
COLD HEAT TRANSFER OIL TO -77 

COLO HEAT TRANSFER 0 TO REHo! 

m £\ t ™ a «ee R oil to 4 m. ;&:j; 

COLO H£ a 1 TRANS, OIL TO SImh ,up * /a 
~ wr a r ? FAT T * ANSFE * OK HEADER * " * 

™ ANS * 011 kir ' ™OM VAR. 424-04 
HEAT TRANS, UR K£T, FROM R£r. 434-/14 

HEAT TRANS. OIL RET. FROM REH llt"l 

nlL REr< ^ 0M «« . - 
HEAT TRANS, OIL RET. from hEh. 434 . i,, 

Hril r T u ANS * ° 1L FkU ' * lHi SOM OiUii 
HEAT TRANSFER OIL RETURN HEADER 
HEAT TRANS* OIL TO VAPOR. 4 ^ 1 ^ 

hfJt ° lL r ° WEtiC, HER 434-04 

MfJJ ISJ N 2* 2 IL 13 TOILER 4 34-06 

HFAf 0IL T3 HEd01 >-ER 4 34 - 1 0 

HEAT TRAN OIL TO REdOlLER 434 -pq 
HEAT. TRANSFER OIL HEADER 2 ° 

RUPTURE U I Sr; VENTS TO TANK 4 S]-ub 
Rupturf DISK VENT H E A 0 E*R 
RA 5 TE STH, TO CUwy, VENT FfiTFR 8 *? , u 
COMBUSTIBLE VENT HEADER S3? *°* 

NON-COmhuST IHLE VENTS to FlLTFR mw rtv 
NON-COmBUSTIULE VENTS HEADER *** 0£ 

N 2 purge from blender aes-oe 

NE purge fhom m.g. silicon Sop. „ei-oe 

N 2 PURGE FROM TANA AE 1-10 TO ,lsi£ mFAN 

2*!"2« V" 1H to WAS?E 5 e«eS °* 

c^ U ° E T ° * ASTf - HtAOEM 

B 2 t T «.? T r‘ T0 BURNER , 59-10 

PRE -H 1 x UUHNER HEADER 

CONOEN M i; c " 2 If S i R * f0 ‘ 5 V -00 

HE N RECrCL£ L puRGE* a ^ ¥t ^ rU MEA ®” 

N 022 LE Mix BURNER HEADER 

mo^; c ve ?I“ ^ a ®er 

CONOENSEO VEN?S ra 0 Sj RSE an% A^.o“f “ 10 
CONOENSEO VENTS header Vp 1 * 0 » 


P.PSIA 


7 / 


7 7 

, 0 

77 

.6 

t 7 

. 0 

77 

.0 

7 7 

. 0 

7 7 

, 0 

7 7 

0 

7 7 , 

0 

7 f , 

u 

77 , 

J 

*•* 0 , 

n 

-'4 0 , 

V 

- 40 , 

0 

• 4 U. 

0 

- 30 . 

■) 

- 30 . 

0 

“JO. 

0 

- JO , 

.) 

3 C 0 . 

,1 

320 . 

0 

320 . 

0 

320 , 

0 

320 . 

0 

320 . 

0 

320 , 

0 

286 , 

0 


286,0 

251.0 
3b5,i) 

300.0 

320.0 

320.0 
* 97 , 0 - 
* 97,0 
* 97,0 
497 . 0 - 

4 9 7,0^* 

*97,0 

1 00.0 • 
loo, 0 

1 09,0 
100,0 
1&0,0 
1 Ou , 0 

100.0 

100.0 

loo. 0 

100.0 

lou,o 

100.0 

100.0 
100,0 
- 21.0 

100.0 

100.0 
100,0 
100,0 

100.0 

loo.o 


1 60 , 0 
1 6 (. ,0 
16 0,0 
1 r > l> t ') 
160,0 
1 60 . r 
I 60 . 

) ft 0 » 0 
i 6 0 -, 0 
(> 0 . 0 
l h 0 , <1 

7 -. 7 
74.7 
Ih , t 
7 , 7 
h, . 7 
64 , 7 
6 4 , /— > 
64 , 7 
3 0 , C 
30,0 
30 , 0 - 

30.0 

30.0 

30.0 

30.0 

20.0 
20 . 0 
20.0 
20,0 
? 0.0 
20.0 
20,0 
30,0 
30,0 

30.0 

30.0 

30.0 

30.0 
2 0.0 

20.0 
20,0 
20 , 0 
20.0 
20,0 
20,0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 
20.0 

90.0 
510,7 

20 • 0 

70.0 
70.0 
70 . 0 
70.0 


E-5 


L I L , F * , 
»*»(.»#» 

v . 0 
0,0 
o . 0 
0 . u 
o , n 
j . 11 
0 , n 

0 . 1 ) 

0 , : 

" , 0 

1.. ! —I 

1.. 1 

i , Oil -j u 
1 . ■) '■) 0 0 
l . :) 100 

1 . 0 0 0 u 

“ ..-Mod 

1 

1 . Il 0 V 0 
1 • OlMJO 
1 . 0 0 0 1 ) 

1.0000 
1 . 0000 
1.0000 

- 1 .0000 
~"* 1 .0000 

l . OOuO 

1.0000 

uoooo 

1 . OOOu 
1.0000 
i . 0000 
i.oouo 
1 .0000 
1 . OUdQ 

1.0000 
i.oouo 
1.0000 
0.0 
0.0 
0.0 
u.o 
0.0 
0,0 
0,0 
0,0 
0.0 
u.o 
u.o 
u » 0 

0 . 0 
0.0 
0 . 0 
0 . 0 
0.0 

1.0000 
1.0000 
1 * 0 0 0 0 
1 . (I n u 0 
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TABU- E-III: 


‘itHMM Wt/« -If. ►# 

p i f tS Ml I ( A 

rt m m >ia » jwj , pt -.3 f 

uUjIi* mact j.is 
f : w *«A t . •>» • swiah rrn.i, rtfiz/ro* 
firtAu^r * ?»n u irj/iR 

H ‘ A r l) *' f «2>C,fl1U/M»l 

M, ' f " M*r - *t p i ♦ up , htu/mr 
M ’ f s "*T - i?5 * Ml' tHTu/.'l” 
T 3N- S^ILS f N I « A w *' J T 
A » t A A T» £’ M.JUtCJUAK wr|r,Ml 


composition. 


J "r)UO'UN 
. ■, i r.uJAf u 
l arc, :i*, 

•» .• 1 1 of . s 

v "A II it ON m.i!*:)* lot 

*' carbon dioaoc 

f ■''ThANI 

* •ITfWOfifN CH^atJIr.E 
9 SILANE 

10 4tiNOCHi.l)MOS|*ANe 

11 )!CMwO^() r >l to ANe 

12 NIChlOVOSIlAnE 

13 SILICON T E MACNLQ* 1 1)£ 
u :wi.vi»ivc 

IS «.\HB/STtAA 

1 *» SILICON 
1 * Cmrjm I JH u 1 0 * I Ob 
U T A ‘ i0 ANrSt DI3xI[)t 

N CALClOM 

20 A „U * I N’JH UXI 3£ 

2) Non 
?> *£A0 

2.1 nt an i jm oiomde 
?■* nickel 

25 CO^ER 

pf > -» niJSPMi)BuA BENTOXIOE 
?.1 /ANADI.IM PfNfOX lot 
?1 1 1 p C 0 N | ; J M 3 I Ox I HE 

2 9 CARHON 
3j -n^ON jxjUE 

31 ARSENIC y ENT Dx IDE 

32 Non sulfate 

3.1 : jpbojs jxiu? 

3h M4M,ESlU« OXIDE 
35 3 "Os»mon.js r *t 1 ChlOB i oe 

35 30P0N I»ICHs.omnE 
3? ChBOMJjm TRICHLORIDE 
3B ^ANOANESE D| ChlOB 1 Op 
n calcium chloride 
“0 4uU*NJm CHLOBIOF 
At -f.bbic chlobu’u 
*? .r A 3 SICMLJBt jf 
** 3 f i TAN I JM tF. MAChl J-»10E 

*"* s!C»El C«lubjuE 
*5 CU y -ilC C^LOBlUE 
*s ilIBCONlijM Te NacmlOB IDE 
* * ^ANAOtUM UICM„0BU1E 
•HONEstUM CH W 0WJUE 
S JLF JR DICmlObIije 
bUL r 1 OF 

3 t H'HANE 
'.S c -^ | Nt. 

•'HS I Nf 

MYi>*OMDE 

•^ANOANESt rtTOBOxIDE 
C AlC 1 jm myDRDUOE 
ALO*lN'jM HYDROXIDE 
NON MYD»OxlOt 

- f ac hydroxide 

MCxfu hydroxide 

C'Jf'pfi* hydroxide. 

2!«C.)nium HrUBOxiUE 
» I M t ICAO 
SILICON DIOXIDE 
5 1 1 0 < ANE 

*f'T»<r w SILANE 
3 1 M t r RYL SILANE 
' j rTMYLDlCMLOBOSlLANE 
^.TmtLTBIChlOSOSILANE 
0l“EfKYuJlCM ) .OBasiLANE 

lle^nual composition, lb-mo/hr 


AS 

A V 

5 0 

51 

52 
5 i 
be 

5 H 
5b 
bf 
SB 

59 

60 

l 

62 

63 

6k 

65 

66 

6 7 
69 
6B 
’0 


5S.RS 
207, 14 
79, VO 
5H.71 
63. SA 
U1 ,9<* 
181,89 

123.22 
12.01 
69,ft2 

229, H A 
1 S 1 * 9 1 
9S.SA 
** U « 3 1 
13?. J3 
l U. 1 7 
1S9.3S 

125.84 
U0.V9 
133. 34 
162.21 
27a. iv 
1 9 9 . ? 1 
129.62 

134,4? 
233, 03 

121.85 

95.22 
102.97 

34.08 
£7,87 

34.00 

77.95 

86.01 

8 0,95 

74.09 
70,00 
89.0b 

241,20 

92.72 


I 0-J 
l 
7 

0, 


1 ‘I I 
I 3 


1000 MT/YR COMMERCIAL PLANT 
STREAM- CATALOG f ISSUE 2) 


0.0 
0 , .1 
0,0 
0.0 
0,0 
0 » 0 


• 2.02 

• 0 

28,01 

155,4 

3 9,95 

1 ,854 

3?,00 

4 1 , Ml 

28,01 

• 0 

44,0 1 

.596 IE 

16.04 

.0 

36,46 

. 0 

32, J 2 

.0 

6 6 , p 6 

.0 

101,01 

. 0 

13 5,45 

.0 

169,90 

.0 

70.91 

.0 

10,02 

3.160 

28.09 

12,02 

8 3,99 

,0 

86.94 

.0 

40.08 

.0 

101.96 

.0 


.0 
,0 
.0 
• 0 
.0 
.0 
.0 
• 0 
.0 
*0 
.0 
• 0 
.0 
,0 
• 0 
. 0 
• 0 
.0 
.0 
.0 


71 

72 

73 


CARflON 
I -illALN 

,f N 
7 *♦ ’ < ‘ .*t N 

7 .i SILK ' N 
7 7 *.}.^N 


77 

l.iR'iN 

R‘J 

r M 9 " w I u M 

«l 

v* AN;,A ,tSE 

a? 

:alcn« 

«3 


8* 

N ;n 

8b 

- F a;) 

86 

f I f 4 5 t U M 

8 7 

NKMco 

8 9 

C^ppi.-j 

8 9 

9 an.y;^ i :im 

90 

f I RCon | ijm 

*1 

i ji. i H i 

92 

t .J S i N I c 

9 J 

* A ii ,( 9 j I / m 


' :fA *. r ( 


I Cl 
I Ml 
I N) 
I 0) 
ISM 
(Cl I 
I A8 J 
» P) 

I HI 
ICR) 
l*N) 
1C A ) 
(Al) 
l r f.) 

I D M ) 

I I n 

(NO 

I Cut 

I V) 
I/M) 

I S) 
f AS) 
t M «i) 


97.55 ‘ 

.0 

159,25 

.0 - 

56.08 

*0 

60,00 

.0 

106,19 

.0 

46, 1 4 

.0 

60,17 

• 0 

1 IS. 04 

.0 

150.4,9 

.0 

129,06 

.0 

lB*MO/NR 

12.01 

» 596 1 E ■ 

1.01 

6,319 

14.01 

310.7 

16.00 

44,96 

2B.C9 

12. 02 

35. .5 

.0 

39.95 

1 .854 

30,9 7 

. 0 

10. Rt 

.0 

52.00 

« 0 

5* .94 

.0 

*0.08 

• 1) 

26. 9H 

.0 

55,85 

. 0 

207.19 

t 0 

4 7,90 

* 0 

5? . 7 1 

.0 

6 3,54 

. 0 

50 • 9 * 

.0 

91.22 

, 0 

3 2,06 

• 0 

7*4*2 

.0 

e * . 1 1 

• 0 
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.0 

• y 

. 0 

♦ Il 

ill 

4 0 

. 0 

. (i 

9? 

ARSENIC 

(AS) 

74.92 

.0 

. 0 

.0 

.0 

.u 

. o 

.0 

4 

93 

HAoNESIUH 

(MO) 

24.J1 

. 0 

.0 

.0 

.0 

*0 

.0 

. 0 

. V 


T«) T A L FLUK 



204.7 

1 244 , 

H 1 h . 7 

1 »l»5d 

h9 o , N 

/ 15, 0 

2 '* * ^2 

261,1 


E-7 




TABLE E-IH : 1000 MT/YR COMMERCIAL 

(continued) STR 1 -.AM CAT A 1,00 (ISSUE. 


T « |. A M K (?*, 

PRf>S<Mf. I»SJA M*i,00 

HAT Jdt . OCtt * 100,00 

tll-MO MaCIION 1,00 00 

FnIhal*M * STkMH TCHP,(,1U/mR 0,0 

f.'iT-UU'Y 8 ?5t ,8TU/HR 0,0 

M M I OF FORMATION N?*iC«M1 U/MN 0,0 

hlOf ■ MAT - ♦ HF .RTU/MH 0,0 

MlJT ■ MAT • M ?1 • Mf t tt T 0 /i.H-Ml) Q , y 

UUu SOupS TVTmAlPT ,dtU/MM 0,0 

AvtUOt HOLtCUuAH Kt UlMl 157,3649 



126 

i/J 


1 ?»* 


l,w 


100,00 

* 0 » Hi) 


•up , r .) 


5 l > , 7 u 


tno.oo 

7’..00 


7 6 , 0 0 


ISfi, 0 0 


l , nu'O 

1 . OOUII 


1 • 0 0 L< 


1 , 0000 

0.0 


0.0 

0,0 


o.n 


0,0 


0,0 

0.0 


o.n 


0.0 


0,0 

0,0 


0,0 


0,0 


0.0 

0,0 


0,0 


0,0 


0.0 

d.i) 


0,0 


0,0 


0.0 

0 , 0 


u.o 



*157,3649 IMUIMI lMt,l7|| 1 5 0 » l « *t J 


PLANT 

2 ) 


I it 

1 i , 9 i> 
7 / , 0 1 
0.0 

0,1* 

0 , 0 
0.0 
0 . 1 
0,0 
0,0 


2H.0H59 


COMPOSITION , lH - hO/MM 


0,0 
0.0 
II , 0 


r*, 

I , 0»M- / 


0 , 0 

0,0 

0 , 0 

Utrt , 1 M » 


o 

o 

o 

o 

o 


.’■hi 

n * i , o 0 

<>U,II0 

l , 0 00 0 

0 

0 


0 

0 

0 

1 *> 1 . P &6 


l HYDROGEN 

2 . 0 ? 

4,653 

4,58 3 

. u 

* l) 

1 0 , 7 0 

.0 

,83 ;>7t-0? 

* o 
.0 

2 NITROGEN 
1 ARGON 

28.01 
39 » NS 

.44UE-0? 

*0 

.44UL-0? 
. 0 

*0 
. 0 

.0 

. 1 0.1 M -ot 

% Dxtgen 

32,00 

.0 

.0 

• 0 

* 0 

• 0 
.0 

* o 

. 0 

6 fAHlION MONOXIDE 

2 B .01 

,0 

.0 

* 0 

» u 

, o 

* 0 

ft Car it on l>|oxi.u 

AA.Ol 

• 0 

. 0 

. 0 

* 0 

* ^ 

• o 

. 0 

7 Mf T MANE 

16, HA 

.0 

.0 

♦ 0 



. o 

• 0 

R hydrogen CHLOHlot: 

36,46 

. 1099 

.1093 

, 0 

» 0 

. 20 ?,' 

. I OROf -o.t 

» 2 4 5 7 L - 0 1 

3,503 

17 1.2 
5 31 . 1 

, o 

A 

. 0 

* 'll ANE 

10 ’IOA-'CMlOWUSUANE 

11 3 1 ChL OHOS I L A NF 

12 tricmlorusu ane 

32.12 
66,56 
101,01 
US. 45 

. 7023E-04 
. 1422E-01 
1.288 
55.29 

. 70? IE-04 
. 14??t-‘M 
1 .288 
55 , 29 

, .165 u -04 
, 1 M A 4 f -02 

. ) HR If. -Hi 
1 0 . J 1 
196, 1 

, 0 

• 3<» 4 7 K- 0 •* 
. IIUH-OZ 
. MOU-UI 
10.31 

Uft. 1 

. 0 
.0 
.0 
. 0 

. 0 

» Jo? .'E-un 

. 1 8 1,1.) -U4 

. 19HH.-0 3 

U SILICON TETRACHLORIDE 
1 * CmlOHIne 

169.90 

70.91 

160.1 

• 0 

160. 1 
. 0 

. 0 
.0 

. • 0 J 1 
l.ibl 

15 hATER/STEAM 

U.O? 

. 0 

• 0 


.11 

. l) 

* 0 

.0 

»6 SILICON 

28.09 

. 0 

• 0 

* 0 

• 0 

• o 

,0 

1 7 ChNOMIuM 1)1 0X1 OL 

03.99 

.0 

• 0 

• 0 

. rt 

• 0 
.0 

. .J149E-02 

12 . 0 ? 

* 0 

IB manganese QlOxlOE 

66.94 

• 0 

* 0 

* 0 

• 8 

.0 

19 CALCIUM 

40,06 

.0 

. 0 

. 0 

* 0 
• 0 

* 0 

. 0 

• 0 

20 AtUMlvUH OAI3E 

101.96 

*0 

» 0 

« 0 


« 0 

. o 

.0 

21 UON 

55.85 

.0 

• 0 

• 0 

*u 

. 0 

« o 

.0 

2 ? WEAO 

207.19 

. 0 

* 0 

• 0 

• 0 

. 0 

• o 

. 0 

?3 titanium 01 0* J Pe 

79.90 

• 0 

• 0 

, 0 

. 0 

.0 

.0 

? A N I C ft E L 

5B, 71 

• 0 

. 0 

• 0 

* (1 

. 0 

.0 

• 0 

2 * COPPER 

63.54 

• 0 

. 0 

« 0 

* u 

. u 

. o 

• 0 

26 Phosphorus penToxIoe 

lAl .94 

.0 

» o 

. 0 

* 0 

• 0 

« 0 

.0 

27 vanadium PENTOXIOt 

161.86 

.0 

. 0 


• 0 
.0 

. 0 

. o 

, u 

?8 ZIRCONIUM OIOaIOE 

123.2? 

. 0 

. 0 

.0 

. 0 

. 3 

* 0 

29 CahsOn 

12*01 

• 0 

* 0 

« 0 

*0 

* 0 

30 40H0N JXlDE 

69.62 

.0 

* 0 

, 0 

* 0 

» 0 

* I) 

.0 

31 AR^ENJC PfcNTDxIOE 

229.84 

• 0 

. 0 

« 0 

.0 

• 0 

. 0 

. 0 

32 1 PON SUL r ate 

151.91 

.0 

. 0 


* 0 

. 0 

.0 

3 j cuprous oxioe 

95.54 

« 0 

. 0 

* 0 

. 0 

. 0 

. 0 

• 0 

3a magnesium jaidc 

40.31 

. 0 

« 0 

« 0 

. 0 

. 1 ) 

. 0 

. 0 

35 PhUSPhoWjS TRICHLORIDE 

137,33 

• 0 

. 0 

. 0 

. n 
, 0 

, J 

.0 

3ft SiWON TRIChl3«Ipe 

117.17 

.0 

. 0 

* 0 

. 0 

. l) 

. 0 

37 ChROmjum TRIChLURIoE 

15B, 35 

.0 

, 0 

. 0 

» 0 

4 0 

* o 

. 0 

38 "ANGANESt DICHLORlDE 

125.84 

• 0 

. (} 

* 0 

, 0 

• It 

. (I 

• 0 

39 CALCIUM chloride 

110.99 

. 0 

, o 

. B 


. 0 

*0 ALUMINUM CHLORIDE 

1 33.34 

. 0 

. 0 

, o 

« t> 

• 0 

* 

• 9 

4 1 r E H R l C CMLORIDt 

162.21 

»u 

* n 

* 0 

. 0 

* u 


.0 

A? v E A 0 OIChLOhJoE 

278.10 

.0 

* 0 


. 0 
. 1 * 

. u 

* >) 

* J 

a 1 t I I ANI jm tetrachloride 

189, M 

. 0 


. 0 

. 0 

* 9 

. ■■) 

a * NtCfttt Chloride 

129.6? 

*0 

. o 

.0 

4 ^ 

* k ) 

. 0 

as CJPRtC CHLOPtOt 

Aft nwCONIUM T£ TRACHLOHIPE 

134.45 

233.03 

.0 
• 0 

.0 
. ll 

, o 

* 0 

. 0 

, o 

. 0 

• 0 

. I> 

. ll 

A? VANADIUM OICRlOMIUE 

121 .85 

.0 

. u 

• 0 

. 0 

* n 

. 1 - 

. 0 

ab magnesium chloride * 

95.22 

• 0 

.0 

. 0 

. 0 

* ^ 

» o 

, 0 

A 9 SULFUR 0| CHLORIDE 

102.97 

• 0 

. 0 

• 0 

» 0 

* 1 

. 0 

* 0 

SO HYDROGEN SUL r IDE 

3a , t )8 

.0 

.0 

• 0 

*0 
» 0 

* JJ 

* 0 

. 0 

SI DlHORANE 

27.67 

. 0 

. 6 

. 0 

* ® 

. o 

• 0 

S 2 ^HUSPHINE 

34,00 

• 0 

• 0 

. o 

• (1 


» 0 

* 0 

53 A R 5 I NE 

7 7.95 

.0 

.0 

,c 

a 0 

* 0 

». 8 

. P 

5* ChRumIum myOXOXIOE . 

66.01 

• 0 

• 0 

. 0 

» 0 

* 

• 0 

. 1 ' 

55 MANGANESE HtOROXIOE 

68.95 

• 0 

.0 

. 0 

. 0 

* s 

, 0 

• 0 

5ft CALCIUM HYDRO* 1 PE 

74.09 

.0 

. 0 

. 0 

. 0 

. 0 

, o 

. .c 

57 ALUMINUM HTOROXIOE 

78.00 

• 0 

. 0 

« 0 

. 0 

» 0 

. 0 

. 0 

58 Iron HYDROXIDE 

89,86 

.0 

.0 

• 0 . 

« 0 

.0 

. 0 

* t? 

59 „E AO Hrofloxnt 

241.20 

.0 

• 0 

. 0 

. 0 
* 0 

, 0 

, 0 

60 NICSEL HYDROXIDE 

92.72 

,0 

.0 

• 0 

. 0 

. 0 

. 1 

61 COPPER HTOROXIOE 

97.55 

• 0 

• 0 

.0 

* 0 

* 0 

» 0 

. 0 

62 ZIRCONIUM HTOROXIOE 

159.25 

. 0 

• u 

. 0 


* 0 

. 0 

. 0 

63 . 1 M£ (CADI 

56,08 

.0 

• 0 

, 0 

* JJ 

.0 

, V 

♦ 

6 a SILICON DIOXIDE 

60.08 

.0 

• 0 

« 0 

. 0 

. 0 

, c 

.0 

65 5 t L OX ANf 

106.19 

.0 

* 0 

• 0 

• 0 

. 1 

. 0 

6 ft METHYL SILANE 

Aft, 14 

. 0 

.0 

. 0 

' 0 

. 0 

« 8 

, V 

67 METHYL SILANE 

60, 1 7 

. 0 

» (T 

« 0 


. 0 

« 0 

• 0 

68 meTmtlDICHLOROSILANE 

115.04 

.0 

» 0 

. 0 

* l 

» 0 

• o 

*0 

69 METhylTHICHLOROSILANT 

150.49 

.0 

# 0 

• 0 

* y 

. 0 

. l< 

. 1 ' 

70 oimmhyloichlorosilane 

129,06 

• 0 

* 0 


• 0 

• 0 

* 0 

.0 

iLEMENTAL COMPOSITION, 

LB- J/MR 




. 0 

. o 

• l' 


.u 
• 0 
. 0 
• 0 
.0 

.0 

.0 

• dh * i T F " 0 < 

. ltw * fc * o 2 

.inn -01 
» 0 . .11 
1 9 '• * *» 

.0 

. o 

• 0 
. 0 
• 0 
.0 
.0 
• 0 
» u 
. 0 
.0 
.0 
.0 
* 0 
,0 
. 0 
. II 

* n 
, 0 

• 0 
. 0 
,0 
. 0 
. (J 
. 0 
, 0 
• 0 
, 0 
* I) 

, 0 
. 0 
.0 
, 0 
, 0 
.0 
. 0 
« 0 
. 0 
. u 

• c 
. 0 
. 0 
. 0 
.0 
. 0 
.0 
.0 
.0 
.0 
.0 
*0 
, l ’ 

. 0 
,0 
. 0 
*0 


M 

CARHON 

( Cl 

U.o l 

*0 

• 0 

. 0 


7? 

hydrogen 

1 M» 

1.01 

67.12 

6 7 . t ? 

l 0. 35 

1 0 . j*3 

71 

N t tRUOFN 

I N ) 

u.ol 

.8HJ5E-0? 

.H8J51 -02 

. 0 

. 0 

74 

)X YGtN 

t 0) 

16.00 

.0 

. 0 

. o 


7ft 

5 1 L ICON 

(SI ) 

? 0 « 0 9 

216.7 

?lo.7 

? 0 6 * 4 

2 0 6 , 4 

815.4 

7ft 

77 

Chlorine 

argon 

(CLI 

(AH) 

35.45 

39,95 

808. V 
. 0 

80.1, 9 

* 0 

815.4 

78 

-'mospmohus 

( P) 

30.97 

* 0 

• 0 

. 0 
. 0 

. 0 

79 

■i 0 R 0 N 

( HI 

10.81 

.0 

* 0 

. 0 

. 0 

00 

Chromium 

iCh) 

52,00 

.0 

* 0 

. 0 

* 1 

81 

MANGANESE 

(Mni 

54.94 

• 0 

, 0 


* 

0? 

CALC IuM 

1 C A ) 

40.00 

« 0 

* 0 

* 0 

.0 

8 3 

aluminum 

ML) 

26.98 

. 0 

* 0 

* j 

84 

IRON 

(FT ) 

55.85 

.0 

. 0 

. 0 

!u 

85 

-E AO 

(PmJ 

207,1 9 

. (1 

* l) 

. 0 

* ^ 

86 

f I r anIum 

itn 

*7,90 

*0 

* 0 

* o 


8 7 

nICaEl 

(Nt) 

58.71 

.0 

a 0 

. 0 

. 0 
» 0 

88 

89 

CoppER 

V AN AD I JM 

(CUl 
1 V) 

63.54 

50.94 

• 0 
• 0 

.0 

. l) 

* 0 
« 0 

♦ 0 

90 

l. IRCONIUM 

< 2R) 

9 1 « ?? 

.0 

* 0 

. 0 

. (1 
t \l 

91 

iUL F U R 

( S) 

32.06 

.0 

. 0 

.0 

92 

ARSENIC 

(AS) 

74,9? 

.1) 

. 0 

. 0 


93 

MAGNESIUM 
tOTAL F l D4 

( Mi. ) 

**.31 

.0 

2,’ 1,4 

*0 

,V 1 . - - 

.0 

? 0 (• . 4 

. ; J 

2*16.4 


* l* ,0 a 0 

19 9,9 ,0 . IOJ'j 

, ?36 r »E -01 .UMt-t 1 1 .0 

• 0 .0 ,0 

0U5.M . ,',0|W 

30*8, .0 M.I-ih 

» 0 ,0 , o 

• 0 .0 ,0 

• 0 ,0 ,0 

• o .0 at 

♦ '■> .0 . u 

* 0 ,0 . 0 

• r .0 .0 

,0 ,0 ,0 

• o .0 ,0 

* 0 ,0 , |] 

• o .0 , 0 

• 0 a 0 , ,1 

. I? . 0 , 1> 

•o .1 .1) 

.0 . ■» 

. J .0 

0 16. 7 l‘.o> 


,0 

10 . it * 
. .1 

* o 

■\> * . r 

* 0 * 1 , i ’ 
, 0 

* 0 
. 0 
* 0 
, 0 
.0 
.0 
. 0 


m - 4 * V 


JL 


E -9 




TABLE E-III : 
( continued ) 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 2) 




STREAM NUMijEH j> Q9 

PRESSURE, PS|A 50.20 

TEMPERATURE, DEG f 159, ftO 

L l ) J ! 0 FRACTION 0,0 

ENTMALBr .• STREAM Tt'MR,HtU/MH 0.0 

tsTTALPT 0 2‘iC tflTU/HN 0*0 

HEAT OF FORMATION m25C»RTU/HH 0.0 

Mtor • HM - h?5 * hF , RTU/mR O.o 

MOT » m«T • n?5 * Mf , HTU/lB-mO 0.0 

TOTAl SOUPS ENThAlPT .9TU/NR - 0.0 

AVERAGE MOLECULAR WEIGHT 132,4775 

COMPOSITION, lH-MO/hR 

1 Rr0«03CN ?,Q2 ,0 

2 NITROGEN ■ 2d, 01 , g 

3 ARGON 39.95 , y 

A OATGEN 32,00 ,0 

5 CAHBQN MONOXIDE 26,01 ,0 

6 carbon dioxide 44,01 .0 

f methane U.q* ,0 

8 HYDROGEN CmlOnIOE 36.46 ,0 

9 SILANE 32,12 .2203 

10 MONOCmOWOSI.ANE 66,36 J.lbrt 

tl OICMLOROSILANE 101.01 ? 7 . 9J 

12 tRICHLONOSlLANE - 133,45 730.4 

13 SILICON TETRACHLORIDE lb9.90 13.64 

1 4 Chlorine ro.9i .o 

16 * A TER/STEAM 18.02 .y 

lb SILICON 28.09 .0 

17 CMHJMum DIOXIDE 83.99 ,0 

lb manganese 01 Ox IDE 06.94 .0 

19 CALCl-JM 40.08 .0 

20 Aluminum oxide. 101.96 .o 

21 1909 5S. 85 .0 

22 - E AO 207.19 ,0 

23 TITANIUM UIOXIOE 79.90 .0 

2* NICKEL 58.71 ,o 

25 COPPER 63*54 .0 

26 phosphorus pentoxioe Ui.94 .0 

27 VANADIUM PENTOMOE 181.88 .0 

28 ZIRCONIUM 01 Ox IDE * 123,22 .0 

29 CARBON 12,01 .0 

30 90R0N OXIDE 69.62 ,0 

31 ARSENIC PENT3X1UE 229.84 .0 

32 IRON SULFATE 151,91 .0 

33 CUPROUS OXIDE 95.54 ,y 

34 magnesium oxide 40,31 ,0 

35 phosphorus trichloride 137, n .0 

3b 5 qRQN TRICHLORIDE 117.17 .0 

37 Chromium TRICHLORIDE 168,35 .0 

38 MANGANESE OIChwOHIDE 125.84 .0 

39 CALCIUM CHLORIDE 110.99 .0 

40 aluminum chloride 133.34 ,y 

41 * t H R I C CHLORIDE 162.21 ,,i 

42 .E AO 0 1 ChlOR I fjE 278.10 .0 

43 T l T 4 N 1 JM T E T R AChLOR IDE lb9.7l .0 

44 rICxEl CmLDRIoE 129.62 .0 

45 cupric chloride 134.4* »u 

46 ZIRCONIUM TETRACHLORIDE 233.03 .0 

47 VANADIUM U I ChlOR l OE 121. 85 .0 

48 magnesium chloride 95,22 .0 

49 Sulfur dichlOride 102.97 ,0 

50 HYDROGEN SUL r t D£ 34.08 ,0 

51 3JH0RANE • 27,67 .0 

52 phosphine 34.00 .0 

53 ARSINE 77,95 .0 

54 CHROMIUM MTOROXIOfc 86,01 .0 

55 MANGANESE htDhOxIOE 80,95 . .0 

5b CALCIUM HYDROXIDE 74. 09 .0 

57 Aluminum HYDROXIDE 78.00 .0 

58 IRON HYDROXIDE 89.66 *0 

59 „E AD HYDRUXIDF 2 41,20 ,0 

60 NICkEL HYDROXIDE 92.72 .0 

61 COPPER HYDROXIDE 97. s5 .0 

62 2IRCON1UM HYDROXIDE 159.25 .0 

63 LIME (CAD) 56.08 .0 

64 SILICON OIOXlDE 60.08 .0 

65 SILOXANE 106.19 ,0 

66 KFTMYL SILANE 46.14 ,0 

67 DIMETHYL SILANE 60. 1? ,0 

68 METMYLDICMLOROSILANE 115.04 ,0 

69 METhYlThICHLOROSILANE 150.49 ,0 

70 OIMETHYLOICH.ORuSiLANt 129,06 .0 

Elemental composition, lb-mq/hr 

71 CARHON | C) 12.01 .0 

72 RtOROGEN ( H) 1,01 896.6 

73 NITROGEN { N) U.ol .0 

74 JXYGEN I 01 lb. 00 ,0 

75 SILICON |S|| 28. 09 525. j 

76 Chlorine id.) 35.45 2405. 

77 ARGON (AM) 39,95 ,0 

78 phosphorus i pi jo,*; ,o 

79 80RON ( HI 10.81 ,0 

80 Chromium (Cri * 52. 00 ,0 

81 MANGANESE IMNI 54.94 .0 

82 CAl.ttUM (CA> 40.08 .0 

.83 Aluminum ( At. ) 26.98 ,o 

B* HON (Ft! 55.85 .0 

85 -EAD {PHI 207,19 ,0 

86 TITANIUM ( T I ) 47,90 ,0 

87 mIOEl INI) 50.71 .0 

88 COPPER CCu > 63.54 .0 

89 VANADIUM j VI 50.94 ,0 

90 MRCONIJM HU?i tQ 

91 SjlFuR 1 5) 32.06 ,0 

92 ARSENJ C | AS) 74,92 .0 

9 3 MAGNESIUM tM(j) 24..U ,Q 

total flo 8 8 


2 l 0 
49,20 
l Vi .mu 
I .0000 

0.0 

0.0 

9,0 

O.0 

0.0 

0.0 

132,4775 


211 

120. UO 
154.40 
l .GOOD 

0.0 

0.0 

0.0 

O.u 

0.0 

o.o 

132.U75 


212 

84* DU 
I5H.U0 
l . 0 0 .) 0 

0,0 

0*0 

0.0 

0.0 

0.3 

O.O 

135.8492 


. tb vhE-O l 
l.J it 
33. lo 
2?o. 7 
40.31 
.0 
.0 
. 0 
*0 
*0 
.0 
.0 
• 0 
.0 
• 0 
.0 
.0 
. 0 


21 » 

’>5. Ou 

| *>4 , .0 

1 . ynuo 

0.0 

0.0 

0,0 

0.0 

0.0 

0.0 

132.477u 


214 

3 r i> . 0 U 
154,40 
I *0091) 

0,(1 

0.0 

0,0 

0,0 

0,0 

0.0 

132.4777 


.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.97 JhF- 01 
1.397 
34,3b 
322. !) 
6.012 
.0 
.0 
.0 
.0 
.0 
.0 
.0 
,0 
.0 
.0 
.0 


15*. I' 0 

1.9000 

0,0 

0,0 

0.0 

0.0 

0.0 

0.0 

1 35.84‘M 


21 h 

69.01) 

1 an. O .T 
I , DOOO 

0.0 

0.0 

0.0 

0.0 

0.0 

o.o 

l 3^,0491 


»H6b IE-02 
2.3JM 
3*3,0 
6,400 
• 0 
.ft 


. 0 

.0 

. 0 

,MhbRL-02 
2.34 l 
34 J. 3 


E-ll 


TABU: E-III: 
.(font iimod) 


1000 WT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 21 


6 * 'M A* i jm*|| .< 

MSJ* 

1 ‘ « S h a T ...* r , Otf. i 
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.0 

.o' 

• 0 

.0 


57 ALUMINUM HYDROXIDE 

78. 

00 

.0 

• 0 

.0 

.0 

.0 

.0 

• 0 

.0 

59 IRON MTDROXDE 

69. 

86 

• 0 

• 0 

.0 

.0 

• 0 

.c 

• 0 

4 0 

69 .E AO HYDROXIDE 

2A1. 

20 

.0 

,0 

.0 

• 0 

.0 

• 0 

.0 

• 0 

60 NICkEl HYDROXIDE 

92, 

72 

.0 

• 0 

. 0 

• 0 

• 0 

.0 

.0 

.0 

61 COPPER mtOROXIOE 

97. 

55 

.0 

.0 

.0 

.0 

.0 

.0 

• c 

.0 

62 ZIRCONIUM HTJRQXIQE 

159. 

25 

.0 

• 0 

.0 

,0 

.0 

.0 

• 0 

.0 

63 LlM£ (CADI 

56. 

08 

• 0 

.1) 

• 0 

• 0 

.0 

.0 

.0 

.0 

bs SILICON DIOXIDE 

60. 

08 

*0 

• 0 

.0 

• 0 

.0 

• 0 

.0 

.0 

65 SlLOXANE 

106. 

19 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

• 0 

66 METHYL SILANE 

A 6 . 

1A 

.0 

«0 

.0 

.0 

.0 

.0 

.0 

.0 

67 DIMETHYL SILANE 

60. 

P 

.0 

• 0 

.0 

• J 

.0 

♦ c 

«u 

.0’ 

68 retmyloicmlqhosilane 

115. 

OA 

• 0 

*0 

*0 

• 0 

.0 

.0 

• 0 

.0 

69 METHYL TRICHLOROSILANE 

150. 

A 9 

.0 

*0 

.0 

.0 

.0 

.0 

.0 

.0 

70 OIMETHTLOtCM to OROSlLANE 

129. 

06 

.0 

• 0 

.0 

.0 

• 0 

• 0 

• 0 

« u 

ELEMENTAL COMPOSITION. 

lb*mo/h« 









?i carbon i ci 

12. 

01* 

• 0 

. >7 

• 0 

.0 

.0 

.0 

.0 

.0 

72 htDRQGEN ( H> 

1. 

01 

176.7 

.17561-01 

A?. 30 

1 5 1 . A 

A6.H3 

104.1 

47. JO 

4 7.30 

73 NITROGEN ( N I 

1A. 

01 

*0 

.0 

,0 

.0 

. 0 

• 0 

,c 

.0 

7* 3XYGEN ( 01 

16. 

00 

• 0 

.0 

.0 

.0 

.0 

.0 

, u 

.0 

75 SILICON 1611 

28. 

09 

9a. 6? 

.94681-02 

11.92 

3 7.64 

11.71 

26. Oi 

l 1.82 

11.82 

76 chlorine ten 

35. 

A5 

203,0 

.2O30E-OI 

.0 

.0 

.0 

.0 

.0 

.0 

77 ARGON ( ATI ) 

39. 

95 

,0 

,0 

.1) 

.0 

♦ 0 

.0 

• 0 

. c 

76 phosphorus < pi 

30. 

97 

• 0 

.0 

.0 

. 0 

• 0 

.0 

• 0 

.0 

79 30R0N < B I 

10. 

81 

.0 

.C 

• 0 

• t 

• 0 

.0 

,0 

• 0 

60 ChRumium <CR> 

* 52. 

OU 

.0 

• 0 

.0 

. 0 

,0 

. 0 

.0 

• </ 

81 mahgANESE <hn| 

5a« 

9<* 

.0 

.0 

.0 

.1) 

.0 

,0 

.0 

. 0 

82 CALCIUM (CA| 

AO, 

08 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

83 aluminum <*LI 

2b. 

98 

.0 

.0 

.0 

» u 

.0 

. 0 

• 0 

• 0 

8a Iron IFEI 

55. 

85 

.0 

.0 

.0 

• l» 

til 

.0 

• u 

• 0 

S3 . E AO IPS! 

207. 

19 

.0 

• 0 

.0 

* V 

.0 

• 0 

• u 

• (1 

86 titanium (til 

A?. 

9 0 

.0 

. 0 

.0 

• 0 

.0 

» (1 

.0 

. *' 

8 7 NICmEl INI) 

SB. 

71 

*0 

.0 

« 0 

• 0 

. 0 

4 If 

. 1] 

. 1. 

OS’ COPPER ICU) 

63. 

5* 

*0 

.0 

, u 

. >1 

. J 

• c 

• 0 


89 VANADIUM ( V) 

50 

9 A 

.0 

. 0 

. 0 

, •; 

. n 

♦ r 

. 0 

• 0 

90 ZIRCONIUM ( 2 R ) 

91. 

u 

♦ u 

• 0 

* <1 

4 1, 

.1) 

• (> 

,0 

» '1 

91 SULFUR ( SI 

J?. 

06 

*0 

*0 

* 0 

* 0 

« 0 

, L 

i 0 

. 0 

92 ARSENIC (Ail 

7 A 

92 

*0 

, 0 

. 9 

• 0 

. 0 

. 1; 

• 0 

. 0 

93 MAGNESIUM (Mgi 

2A« 

31 

• 0 

*0 

.0 

.1) 

« o 

.0 

. 1 

. u 

Total flow 



94,67 

, -02 

1 1 . u 2 

J ? » v» 

11.71 

27-..M 

1 l . H/ 

ii.az 
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tabu ; R - III : 
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1000 MT/YR COMMHRCIAL 
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TABLE E-III: 
(continued) 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 2) 


STREAM NUMBER 

pressure, p 3 1 a 

Tl*l*C RaTuHE, OEfi F 

U3jid Mac t j un 

tNTlAl.PT * STREAM TEMPf flTU/HH 
ENT1AUPT * ? bC * HTU/HR 

MEAT Of FOMmaT | GN M2 SC » ri T U/HR 
HTOT * Hit • rt? 5 ♦ HF mBTU/MH 
MTOT * M-T - H?5 * MF iBTU/Ltt-MO 
T3TAL S0L105 tNTMALPT ,HTU/HH 
AvENAGE MOLECULAR HEIGHT 

COMPOS I T ION# lH*«0/m* 

1 HrfoROGEN 2,0* 

2 NITROGEN 28*01 

J A PGDN 3<*,NS 

A 3XYGEN 32,00 

5 CAMBON M0N3XI0E 2ft,0! 

6 CARBON OIOXHE A A , 0 1 

7 ETHANE 1 6 • 0 a 

d HYDROGEN CmlORIUE 3b. Ab 

V SILANE 32. ^ 

10 HONOCmlOPUSUANE 66,56 

11 -mchlorosilane loi.oi 

l? TPICMuOROSlLANC 135. AS 

13 SILICON TETRACNL0H1DE 169,90 

1A CHLORINE 70.91 

15 -ATER/5TEAM 18.02 

16 SILICON 28.09 

17 CmROMjjm UI3M0E 8 3,99 

IS MANGANESE UtOXlOE 66. 9A 

19 CALCIUM AO.Qrt 

20 aluminum OXIDE 101 ,96 

21 IRON 55 .85 

22 wfAO 207.19 

23 f ITANIUM OIOXIDE 79,90 

2A MCXEL 58.71 

2a COPPER 63.5A 

26 3 mQSPhORuS P EnTOx I OE U1.9A 

27 VANADIUM PENTOXIOE lbl.flfj 

28 ZIRCONIUM OICxIOE *123.22 

29 CAHbON 12#0l 

30 SOKON OXIUE 69.62 

31 ARSENIC RfcNTOxlDE 229. *4 

32 1 RUN SULFATE 151,91 

33 ^JPROJS OXIDE 95. 5A 

3a magnesium OXJOt AO. 31 

35 Phosphorus TRICHLORIDE 137. j3 

36 d OR ON TRICHLDRIUE 117,17 

3? ChbqmIum TRICHLORIDE 158..15 

39 manganese DIChloRIoE US. 84 

39 CALClJM CHLORIDE 110.99 

AO aluminum CmlOrIOE 133,3a 

A1 P E R R I C CHLORIDE 162 . >\ 

A? *E A 0 0 1 Chl OR I DE 276.10 

AJ r I r AN I UM TETRACHLORIDE -169,71 

a fc i * ■* ■* ‘ r - > j • - . ■ • ‘ t ■> 

-.y C-vw* .u:. ij %«*5 

At> ZIRCONIUM TETRACHLORIDE 233.03 
A7 VANADIUM DICHLORIOE 121.85 

A3 magnesium chloride 95,22 

A9 Sulfur dichlOrIoe 102 . 97 

50 HYDROGEN SJlFIDE 3a. 06 

51 3 1 BOR ANE 27.67 

52 phosphine 34,00 

53 ARSINE 77.95 

5<* Chromium hydroxide 66.01 

55 MANGANESE HYDROXIDE 68.95 

5b CALCIUM hydroxide 7a, 09 

5? aluminum hyoroxioe 7e.uo 

5b IRON HYDROXIDE 89,86 

59 .EAO HYDROXIDE 2A 1 . 20 

60 NICKEL HYDROXIDE 92,72 

61 COPPER HYDROXIDE 97,55 

6? ZIRCONIUM HYDROXIDE 159.25 

63 .Ime ICAGI 56.08 

6* SILICON DIOXIDE 60.08 

65 SILOXANE 106.19 

66 METHYL SILANE a 6 * 1 A 

67 3 t M E T H YL SILANE 60,17 

69 METHYLOICHLOROSILANE U5.0A 

69 m^ThYlTRIChlOROSIlaNE 150, A9 

70 3IM£ThylDICMLOROSIlANE 129.06 

Elemental composition, lb-mq/hp 


300 

25.00 

77.00 

0.0 


30 4 

n i 9 . 

0.7 


JOT 
< 0,011 
; btio.o t 
0*0 


3 OH 
20. do 
I j 19 , r* 
9.0 


71 

Carbon 

t C) 

12.01 

72 

hydrogen 

t HJ 

1.01 

73 

HITROGEN 

( NJ 

1 A. 01 

7 A 

3* TGEn 

t 0) 

lb. 00 

75 

SILICON 

(SI) 

28.09 

76 

Chlorine 

(CD 

35,4b 

77 

ARGON 

<ARJ 

39.95 

79 

Phosphorus 

( p) 

30.97 

79 

4 0» ON 

( H) 

10.81 

00 

CxPOMIUM 

(CR) 

52.Q0 

61 

MANGANESE 

(MN> 

5 A * 9 a 

82 

CAlCI'JM 

(CA) 

A 0 . 0 8 

83 

aluminum 

UL» 

26*98 

8 a 

IRON 

(FE) 

55.65 

85 

fcE A D 

(PH) 

207.19 

86 

1 ITANIUM 

(TI) 

A 7 , 9 0 

81 

NtCKt* 

(Nil 

50.71 

89 

COPPER 

(CUI 

63. 56 

89 

VANADIUM 

( V) 

50.94 

90 

ZIRCONIUM 

(ZR) 

91 ,22 

91 

sulfur 

( SI 

42.06 

92 

ARSENIC 

(AS) 

7**92 

93 

"AGNES I UM 

tota w flu* 

(Mo) 

2A « 3 1 


23,53 

. 1 ) 

.0 
*0 
• 0 
,0 
• 0 
• 0 

.B 912 E -01 


.5912E-01 

.0 


4U 
l b , h u 
1 0 J . 0.' 
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TABU: E- III: 

(continuod) 
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1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG f ISSUE 2) 
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1 b9 . 90 
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2 a, oo 
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«b. 94 
40 , Ob 
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Sb.Mb 
207.19 
79.-10 
5S. 71 

6.1.54 
1*1.94 
1 b 1 . HH 

’ 123.22 
12.01 
69.62 

229.84 

151,91 

96.54 

• * 0.11 

137. 13 
117.17 
tbn.36 

125.84 

110.99 
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A ■ 

■> . » L F M 9 f) 1 Cm„ 09 1 1>E 
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• ,v 0 -1 N S J.. f J OF 

3 4 , 0 H 


; * a n c 

27.67 

6 
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34.00 


iJs J NE 

77.95 
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’ 

A fc J**lNMM HY090AI0E 

7tt. no 
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.0 
.0 
.0 
.0 
. 0 
.0 
.0 
• 0 
.0 
.0 
.0 
.0 
.0 
. 0 
.0 
. 0 
.0 
.0 
.0 
.0 
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TABLE E-III 
(continued) 


1000 MT/YR COMMERCIAL PLANT 
STREAM CATALOG (ISSUE 2) 


STREAM 

fMEiSURE. P5JA 

U*-»EMA! jRF , OtO r 

l I 3 J I 0 fH AC fll»N 


RO. VO 
•20,99 
OtO 


250? 

'SIP. M' 
100,00 
0,0 


ENTHALPY 0 STRIAM Tf.HP,bTU/Mi( 

0.0 

0,0 

t N T R A L p Y • <i*)C iHTU/Hft 

0,0 

0.0 

HEAT of formation K?*»C,nTu/Mrt 

0.0 

0.0 

MfOl * HAT • rt?b * M F ,HTU/mR 

0*0 

0,0 

MIDI « H A I - H, - ’ 5 * HF ,HTu/lM*MJ 

0,0 

0,n 

TjUl SOulOS ENTmAL P Y .HTJ/mH 

0,0 

o.o 

AY 

E-lAuE MOLECULAR *ElOrtT 


6,2255 



CO^OS IT uH-*0/h4 




l 

hydrogen 

2,02 

4,553 

.0 


MtaooKN 

2b, 01 

• 4*» 18t»02 

.0 

i 

ARGON 

39,95 

.0 

, 0 

4 

Oxygen 

32.00 

,0 

.0 

5 

CARBON *oN0AtDC 

28,01 

.0 

.0 

t> 

Carbon oiuxjde 

44,01 

.0 

.0 

7 

NgtHANE 

16,04 

,0 

,0 

6 

MY0RU6EN C«w DRIOE 

36,46 

.1099 

.0 

t 

SILANE 

32.12 

.1179 

.0 

\0 

MONDCmlOHOSUANE 

66,56 

♦ l 4 l 8E*0 | 

.0 

11 

3!ChL0H05lLAN£ 

10 1 . Q 1 

.9926E-01 

.0 

i‘i 

rBlCMLOHoSUANE 

135,45 

. 1«2‘.E-01 

• 0 

13 

SILICON TETwaCMLOHIOE 

169.90 

•3202E-V3 

.0 

U 

CMLOH1NE 

70.91 

.0 

.0 

15 

•ATER/STEAM 

18.02 

.0 

,0 

lb 

SILICON 

28.09 

.0 

.0 

1? 

ChROhIuh 0 1 0 a I Of 

83.99 

.0 

.0 

U 

MANGANESE OlDXlOE 

86.94 

.0 

.0 

19 

CalCIum 

40.08 

.0 

*0 

20 

aluminum oxide 

101.96 

.0 

, 0 

21 

IRON 

55.85 

. 0 

,0 

22 

• EAO 

207.1 9 

.0 

.0 

23 

n i anium dioxide 

79.90 

.0 

.0 

24 

NIC«EL 

58,71 

.0 

*0 

25 

COPPER 

63.54 

• 0 

.0 

2b 

“hOSPmOWuS PENTOXtOE 

141.94 

*0 

,0 

27 

VANADIUM PEnTOXIDE 

181,88 

.0 

i u 

28 

7 I R CON I UM 0 1 Ox I DE 

123.22 

.0 

»u 

29 

C ARSON 

12.01 

.0 

*0 

30 

9OR0N UX10E 

69,62 

.0 

.0 

31 

ARSENIC PENTDxtOE 

229.04 

.0 • 

.0 

32 

Iron sulfate 

151,91 

.0 

. 0 

33 

cuprous oxioe 

95.54 

. 0 

.0 

34 

magnesium oxide 

40.31 

.0 

.0 

35 

pmOSPmOH.'S TRICHLORIDE 

137,33 

.0 

. 0 

3b 

90R0N TRICHLORIDE 

117.17 

« 0 

. u 

37 

Chromium TRICHLORIDE 

158.35 

. 0 

.0 

38 

manganese OICmlORIOE 

125.84 

.0 

.0 

39 

CALClJM LHL0R1DE 

110,99 

.0 

*0 

40 

Aluminum CHLORIDE 

1 33.34 

. 0 

.0 

41 

c ERR 1 C CHLORIDE 

162.21 

* 0 

• .') 

42 

lE AO DtCHLOR I DE 

278.10 

*0 

*0 

43 

TITANIJM T E T R aChl OR l OE 

189.71 

,0 

* 0 

44 

NICKEL CHLORIDE 

129,62 

.0 

.0 

45 

cupric chloride 

134.45 

.0 

.0 

46 

ZIRCONIUM TE TRAChlOR tDE 

233.03 

.0 

• 0 

47 

VANADIUM DIChlORIUE 

121.85 

.0 

• 0 

49 

MAGNESIUM CHLORIDE 

95.22 

.0 

*0 

49 

sulfur oichldrIde 

102.97 

.0 

.0 

50 

•irOROGEN SUL r I DE 

34.08 

,0 

.0 

51 

JIdORANE 

27.67 

** .0 

,0 

52 

PhOSRhINE 

34,00 

,0 

• 0 

53 

ARSINE 

77.95 

.0 

,0 

54 

Chromium HTOROXtoE 

66.01 

0 

.0 

55 

MANGANtSL HTDROX I OE 

88.95 

.0 

.0 

5b 

CALCIUM- HTUPOxIOE 

74,09 

.0 

.0 

57 

Aluminum myORUX IDE 

78.00 

.0 

.0 

58 

IRON HYDROXIDE 

89, db 

.0 

.0 

59 

•„FAD hydroxide 

241,20 

.0 * 

,0 

60 

NICKEL HYDROXIDE 

92.72 

.0 

.0 

61 

Copper hydroxide 

97.55 

.0 

,0 

62 

2IRCONIUM HrDROx IDE " 

159.25 

.0 

,0 

63 

-IME ICAO) 

56.08 

.0 

,0 

64 

SILICON DIOXIDE 

60.08 

.0 

• 0 

65 

SILOXAnE 

106.19 

,0 

.0 

65 

MEtHYL Silane 

46.14 

.0 

.0 

67 

Dimethyl SILANE 

60.17 

,0 

.0 

68 

-L' THYLlMCHLUROStLANE ■ 

1 15.04 

.0 

.0 

69 

meTht^TH IChlOROSILANE 

150,49 

.0 


70 

DIMLTHrL(UCH.0R03lLANE 

129.06 

*0 

.0 


ElEmENTAl COMPOSITION. 


71 

Carson 

( CJ 

12.01 

• 0 

• 0 

.0 

72 

HYDROGEN 

( HI 

1.01 

9.946 

.0 

.0 

73 

NITROGEN 

1 N) 

14,01 

. 88 35E-Q2 

• 1) 

.0 

74 

OXYGEN 

( 0) 

16.00 

• 0 

• 0 

.0 

75 

SILICON 

isn 

e 8 * 0 9 

.2500 

• 0 

.0 

76 

Chlorine 

tru 

35.45 

.3/87 

.0 

.0 

77 

argon 

( AR J 

39.95 

• 0 

• 0 

1.064 

78 

Phosphorus 

{ P) 

30.97 

.0 

, 0 

.0 

79 

30RON 

< H) 

lo.nt 

.0 

.0 

• 0 

80 

Chromium 

<CR) 

* 52.00 

.0 

,0 

• 0 

81 

«aN34n* SI 

<MI9) 

54 .94 

.0 

.0 

,0 

82 

CalCIJM 

(LA) 

40.08 

.0 

.0 

.0 

83 

At UMINUM 

(All 

26.98 

• 0 

.0 

,0 

84 

MON 

(Ft) 

55,85 

• 0 

.0 

.0 

85 

LEAD 

(PRl 

207.19 

.0 

.0 

.0 

86 

T I Tanidm 

(T|l 

47,90 

.0 

.0 

.0 

87 

NICkEl 

(N|| 

58.71 

.0 

.0 

.0 

88 

COPPER 

(Cm 

63. 54 

.0 

• 0 

,0 

69 

4 A N AO I JM 

< V) 

50.94 

• 0 

.0 

.0 

90 

2HCJNIUM 

(2R» 

91.22 

,0 

• 0 

.0 

91 

Si<l»u9 

1 S) 

32.06 

.0 

.0 

.0 

92 

arsenic 

(AS) 

74.92 

.0 

• 0 

.0 

93 

MAGNESIU- 

(MO) 

24.31 

.0 

.0 

.0 


Total floa 



4,917 

.0 

1.044 


1 
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TABLE E-IV; TRACP, COMPONENT ANALYSIS 


»i 


Coupon n.t 

IMAM 

N? 



"s 

*6 

"7 


H.i 

Will 

W I1 

v 


*14 

1 5-^VIIR 

r n;ps 

lift 

112 

2601 

206 

214 

238 

70(1 

224 

227 


?37 

2U 

225 

Aluminum Ml.) 

3,8441 -2 

1, MOP-1 

Mur-? 

«., 71 M’.M 

1,3391-. 3 

1,3081 -32 

1 ,3)91-3 

1 ,3)9f’. 3 

1 ,30811- ?8 

?,4ii?| -3« 

l,)Oi if. 28 

7,4071-35 

2,40?r.)8 

1.300F-2 

Anil -nil v | •;»* 1 

3. MU 

5.1I8IM 

3,12 M *6 

KOi.21 .27 

5,1481-4 

1,3741-33 

6 ,1181-4 

6.1481-1 

it 

0 

n 

0 

n 

0 

(Arl 

M« KM .1 

7,6171 .4 

0 

7,6121 -4 

O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

A r Mi U' (As) 

4,9791-5 

1 , 1.481 -5 

2.82 ir*6 

4,64811-5 

6, 6?0f .|6 

5,6?0r..l6 

2,40213-38 

5,6 'OF- 16 

5, MUM? 

A, 158(1.31 

1,6701.-16 

8,4 lir-26 

8, 4 Mil-26 

r> , 67or- : 

Rot'Ml (0) 

l.Zn.MM 

U'JIINJ 

3.7V9H-6 

1. 1*1-1 -3 

t , 43711- 1 1 

1,4 37)3-11 

2,9.371-30 

l .437P-1 1 

I.4J7F.7 

6,4861-14 

1.1371-11 

2,0171-26 

2.0471 -22 

1 ,4)711. 

C.1 Unirn (C.i ) 

5,5471 -3 

0 

5, 54 21- A 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CarKm (Cl 

I.M7|\.2 

j,(.74r-4 

1.537F-2 

0 

2,67411.4 

0 

2,67411-4 

2,67411-4 

0 

0 

0 

0 

0 

0 

Carton Piot t Jo (CO,) 

KAMI-! 1 . 

2.8MF-S 

0 

2,861 r-s 

1 ,6(i 21. 13 

1,50713.13 

0 

0 

1 .6 0711-1 3 

1,50 21 -13 

0 

0 

0 

0 

i hro'imn (Cr) * 

1 .4 221 - A 

» .4 *M -5 

1.42111.3 

0 

2. 4 7 MM* 

n 

7.4761-5 

2,4751 -5 

0 

0 

0 

0 

0 

0 

(*opj"-r (Cu) 

I.DM.I 

i . *> ? ts r. - 5 

1.1351-1 

0 

1.976F-3 

0 

1 , 9 r‘6 p- ) 

1,97611-3 

. 0 

0 

0 

0 

0 

0 

Hr 1 1 ud (Up)' 

7,i5ii:.4- 

?.l52r.i 

0 

7,15211-4 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Iron (O) 

3. 76 MU’ 

7 , 755 R -4 

3.767(3-2 

7.28M-32 

7 , 28513-4 

0 

7, 78*. 13-4 

7.283*1' *4 

0 

0 

0 

0 

0 

0 

lpa.1 (|M>) 

5.07813.5 

8.836F.7 

5.07811-5 

0 

8,8361! -7 

0 

8.8)613.7 

8.83611-7 

0 

0 

0 

0 

0 

0 

M.i^nosiin | Mr) 

2.560! -.1 

4,4‘iM , .5 

2.5601-3 

0 

4,465f-5 

0 

4.465P-5 

4.465P-5 

0 

0 

0 

0 

0 

0 

M.int* mo si* (M») 

1,3491-3 

J.JI’IUS 

1,3401.-3 

0 

2.34 71 -6 

0 

2,3471 -5 

2,34 7(1-5 

0 

0 

0 

0 

0 

0 

Mol h.» no (CH.|) 

2,2921:.: 

2.293P-2 

0 

2. 29211-2 

4,0561.-20 

4,0661.20 

0 

0 

4.056P-20 

4.05613-20 

0 

0 

0 

0 

SicKol (Si) 

4,6*911-4 

8, 3 37 p. 6 

4.790P.4 

0 

8.3371-6 

0 

8,3)713.6 

8.31713-6 

0 

0 

0 

0 

0 

0 

Mtr.'jv'n (S») 

2,3*01-1 

2,38011. 1 

0 

2,3801-1 

9.‘>1 511- 16 

9.915I-. 16 

0 

0 

9,91513-16 

9.9151:- 16 

0 

0 

0 

0 

Otv,;on (Oj) 

*1 , 91i*i:-2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

i'hospho rout (P) 

2.38711-3 

2,)6nr-3 

3.7041-5 

3, 3SOI3-3 

1.31411-11 

1 , 147F-16 

1,31413- 1 1 

1.31411-11 

1.148(1. 12 

1. 14 511. 20 

KM7I.-16 

7, (*7911- 32 

7,6‘>9I -29 

1.147F.-1 

Sulfur (S) 

8,5011-4 

a.isse-J 

9.743R-4 

4 ,095P-7 

8,1671-2 

1,871 E.4 

8.157P.2 

8. 1 73F-2 

1.871 

1,83111-20 

1 ,87311-4 - 

2.78611- 1 7 

1.78M .14 

1.871 

Titanium (T 1 ) 

j.MJr-3 

2,4311-3 

1.86011-4 

2.43M--3 

4,37613-32 

2.40713.38 

2,40213-38 

2.4021-38 

2.402H-38 

2.40211-38 

2,40211-38 

2,40211-38 

2,4071 -35 

2.1031 .7 

Yan.tJiun (V) 

1.4181-3 

1 . 26611- 2 

1.4UF-3 

8.06 IF- 18 

1.26613-2 

1.1&2F.-20 

1,76613-2 

1.26613-2 

2,40213-38 

2,40213-38 

2.40213-58 

1. 46113. 23 

1.4611-23 

2.40213-3 

Zinc Utt) 

s.osiir-s 

9.89911-7 

S, 68 913- 5 

0 

9.89911-7 

0 

9.89913-7 

9.89913-7 

0 

0 

0 

0 

0 

0 

Zirconium Ur) 

9.7SIP-4 

2.02 111-5 

9.74313.4 

2.02113-30 

3.021H-S 

2. 02 IP- 34 

2.02111-5 

2,0211’:-$ 

0 

0 

0 

2, 020M -3? 

2. 0201*. 34 

0 

HyJrojjon Chlorido 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

$iH t rciio 

0 

0 

0 

0 

0 

3.60013-8 

0 

1.04 813- 12 

1.0481-8 

7.218(3-30 

1,04 813-12 

1,02311-20 

3.600F-8 

1.048P.8 

SiCIsH (CHf) 

0 

0 

0 

0 

0 

5, 13513-7 

4.093P-7 

4, 0981:- 7 

1.7 Ml!. 8 

0 

1 . 7541.-12 

5.3051-10 

9. Oiop.? 

1.754 13- R 

SiClt II (CH.) 

0 

8.52513-2 

1.S83E-3 

0 

8.525F-2 

8,66413-6 

8.53413-2 

8.5)411-2 

1 ,8b0l.-8 

0 

1.8601;- 12 

8. 6 ■*31**9 

8.261! .n 

J .R60F-8 

StH,’ (CM.), 

0 

0 

0 

0 

0 

1.07111-9 

0 

2.96411.14 

2,96111-10 

1,2011-38 

2. 96 IF- 14 

3.17113-17 

1,0211.-9 

2. 96 IP- 1 

SiCt, (Cllj, 

K 1441-2 

1.101!-—' 

2,17013-4 

0 

1.10713-2 

2.60413-7 

1,10113-2 

1.10U1-2 

1.0211-9 

0 

1,02113-13 

2,61211- 10 

2. 601L-' 

1.07111-'' 


TABLE E~V 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPERTIES FOR PROCESS STREAMS (ISSUE 2 ) 


STREAM NUMBER 

100 

TEMPERATURE « DEG F , 

0.75002E 02 

PRESSURE t PSIA 

Q.15QQQE 02 

LIQUID FRACTION 

0.0 

viscosity, centipoise 

0*ia3O5E-0l 

ther.cond,. rtu/hr-ft-f 

0.14779E-01 

DENSITY* LR-M0LE/FT**3 

0.26157E-Q2 

SURFACE TENSION* DYNES/CM 

0*0 

PRANDTl NUMBER 

0*71 329E 00 

OEW PT. ✓ BUBBLE PT,*F 

0.57397E 02 

ENTHALPY* 8TU/U8-M0LE 

Q.37Q72E 04 

SPECIFIC HEAT* 8TU/LB-M0-F 

0 *6B25SE 01 

FLOW ♦ ENTHALPY* 8TU/HR 

0.0 

COMPOSITION* LB-MOLES/HR 

1 HYDROGEN 

0.0 

2 NITROGEN 

0.15536E 03 

3 ARGON 

0.16543E 01 

4 OXYGEN 

0.41679E 02 

5 CARBON MONOXIDE 

0.0 

6 CARBON DIOXIDE 

Q.59606E-Q1 

7 METHANE 

0.0 

e hydrogen chloride 

0.0 

9 SILANE 

0.0 

10 monochlorosilane 

0.0 

n oichlorosilane 

0.0 

12 trichlorosilane 

0.0 

13 SILICON TETRACHLORIDE 

0.0 

14 CHLORINE 

0.0 

15 STEAM/WATER 

0.31595E 01 

16 TOTAL MOLES 

0.2021 IE 03 


101 


102 


1 04 


0.75002E 

02 

0.75002E 

02 

0. 30000E 

03 

0.15000E 

02 

0.20000E 

02 

0.51670E 

03 

0.0 


O.lQGOOf, 

01 

0.0 


0.912B2E. 

-02 

0.4564BE 

00 

0.1lO8lE< 

-01 

0.10538E 

00 

0.56240E- 

-01 

0.14218E 

00 

0.2612SE* 

•02 

0.49871E 

00 

0.62329E- 

-01 

0.0 


0.18946E 

02 

0.0 


0. 72516E 

00 

0.36201E 

01 

0.68130E 

00 

•0.4S838E 

03 

0.1S362E 

03 

-0.45846E 

03 

0.36281E 

04 

-0.17929E 

04 

0.S2145E 

04 

0.69763E 

01 

0.32439E 

02 

0.69705E 

01 

0.0 


0.0 


0.0 



0.0 

0.0 


0.28574E 

00 

0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.17178E 

01 

0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


o.o 


0.0 

0.17178E 

01 

0.28574E 

00 


105 


106 

107 

Q.1S001E 

03 

0.75002E 02 

0.94401E 03 

Q.51670E 

03 

0.14700E 02 

0.51670E 03 

0.0 


o.o 

0.0 

Q.99447E-02 

0.18385F-01 

0.29096E-01 

Q.U906E 

00 

0. »4??9F*01 

0.36460E-01 

a.mm-oi 

0.25634E-02 

Q.34512E-01 

Q.O 


0,0 

0.0 

Q.70038E 

00 

0.71322E 00 

0.37489E 00 

0.45843E 

03 

0.56838E 02 

0.36509E 03 

Q.416A4E 

04 

0 . 37072E 04 

O , 20543E 05 

Q.69878E 

01 

0.68245E 01 

0.17101E 02 

Q.O 


0.0 

0.0 


Q.28288E 

02 

0.0 

0.20960E 03 

Q.O 


0.15535E 03 

0 , 90389E-O l 

Q.O 


0.18543E 01 

0.0 

Q.O 


0.41679E 02 

0.0 

Q.O 


0.0 

0.0 

Q.O 

— 

Q.59606E-Q1 

0,0 

Q .0 


0.0 

0.0 

Q.Q 


0.0 

0.23740E 00 

Q.O 


0*0 

0.23283E-03 

Q.O 


0.0 

0.75984E-02 

Q.O 


0*0 

0.27324E 00 

Q.O . 


0.0 

0.18868F 02 

0*0 


0.0 

0.20960E 03 

Q.O- 


0.0 

0.0 

Q.O 


0.31595E 01 

0.0 

Q.28288E 

02 

0.2021 OE 03 

0.43868E 03 


STREAM NUMBER 

108 

109 

110 

111 

112 

113 

114 


TEMPERATURE. DEG F. 

0.93200E 03 

0. 12000E 03 

0.37501E-03 

- 0 » 35600E 03 

Q.35600E 03 

0.35600E 03 

0.10000E 

03 

PRESSURE. PSIA 

Q .51 47 OE 03 

Q.20000E 02 

0.51370E 03 

0.57470E 03 

Q.51270E 03 

0.51270E 03 

9.511 70E 

03 

LIQUID FRACTION 

0.0 

0.10000E 01 

0.50000E 00 

0.10000E 01 

Q.10000E 01 

0.0 

0.50000E 

00 

viscosity, centipoise 

Q.28715E-01 • 

0.36055E 00 

0.4711 3E-0 1 

0.1 151 IE 00 

Q.11726E 00 

0.2071 IE-01 

0.30130E 

00 

THER.COND. ♦ 8TU/HR-FT-F 

Q.33578E-01 

0.52498E-01 

0.25549E-01 

0 • 38666E-0 1 

Q.38605E-01 

0. 15727E-01 

0.56B06E-0 1 

OENSITY* L8-M0LE/FT**3 

Q.34804E-01 

0.48897E 00 

0.78374E-01 

0.36944E 00 

Q.37059E 00 

0.75960E-01 

0.51494E 

00 

surface tension, dynes/cm 

0.0 

0.16716E 02 

Q.69470E-Q1 

0 ♦ 2Q667E 01 

Q.33803E 01 

0.0 

0, 16683E 

01 

PRANDTL NUMBER 

0.40079E 00 

0.32013E 01 

Q.84248E 00 

0.20156E 01 

Q.20407E 01 

0.23450E 00 

0.20419E 

01 

OEW PT. / BUBBLE PT..F 

Q.36386E 03 

0.15003E 03 

0.3750 IE 03 

-0.45606E 03 

-Q .4560 IE 03 

0.39208E 03 

0, lOOOOE 

03 

enthalpy, btu/lb-mole 

0.20700E 05 

-0.4063BE 03 

0.1 0950E 05 

0.76852E 04 

0.77229E 04 

0. 1234 1 E 05 

0,4<*354E 

04 

SPECIFIC HEAT, BTU/LB-MO-F 

0.17691E 02 

0* 324Q2E 02 

0.31969E 02 

0.44366E 02 

Q ♦ 44444E 02 

0, 22682E 02 

0.25222E 

02 

FLOW <* ENTHALPY* BTU/HR 

0,0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0,0 

COMPOSITION* LB-MOLES /HR 

l hydrogen 

Q.18560E 03 

0.0 

0.19630E 03 

Q.1070QE 02 

Q.l 6467E-0 1 

0.19100E 03 

0. 191 50 E 

03 

2 NITROGEN 

0.98389E-01 

0.0 

0.10871E 00 

0.10327E-01 

Q.15807E-Q4 

0.10363E 00 

0.10412E 

00 

3 ARGON 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

4 OXYGEN 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0,0 


5 CAR80N MONOXIDE 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0,0 


6 CARBON DIOXIDE 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0,0 


7 METHANE 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0.0 


8 hydrogen chloride 

0.34757E 00 

0.0 

0.54980E 00 

0.20223E 00 

0.22255E-03 

Q.4782QE 00 

0.49038E 

00 

9 SILANE 

0.26658E-03 

0.36572E-04 

0.37453E-03 

0.10795E-03 

Q.75979E-07 

0.35045E-03 

0 * 35823E-0 3 

10 MONOCHLOROSILANE 

0.20002E-01 

0.18440E-02 

0.44572E-01 

0,24570E-0t 

Q.83BP9E-04 

0.36923E-01 

0, 38498F-0 1 

n oichlorosilane 

0.15490E 01 

0.1 88Q7F.-0 1 

0.50520E 01 

0. 35031 E 01 

0*0141 6F. -02 

0.30763E 01 

0.32190E 

01 

12 trichlorosilane 

0.64178E 02 

0.10306E 02 

0.23538E 03 

0.17120E 03 

Q.32863E 00 

0.12975F 03 

0,l358?r 

03 

13 SILICON TETRACHLORIDE 

0*1 7495E 03 

0.19440E 03 

0.80603E 03 

0.63108E 03 

Q.13735E 01 

0.36606E 03 

O.38380E 

03 

14 CHLORINE 

0.0 

0.0 

0.0 

0,0 

Q.O 

0.0 

0.0 

15 STEAM/WATER 

0.0 

0.0 

0.0 

0.0 

Q.O 

0.0 

0.0 


16 TOTAL M0LE5 

0.42674E 03 

0.20473E 03 

0.12435E 04 

0.81672E 03 

Q.I7250E 01 

0.69050E 03 

0.71502E 

03 
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TABLE ^ E-V: 1000 MT/YR COMMERCIAL PLANT PHYSICAL 

(continued) PROPERTIES FOR PROCESS STREAMS (ISSUE 2) 


STREAM NUMBER 

temperature* oeg r. 

PRESSURE* PS I A 
liquid fraction 

VISCOSITY, CENT I POISE 
THER.CONO,* btu/hr-ft-f 
density* Lp-M0LE/FT**3 
surface tension, oynes/cm 
prandtl number 

OEW PT. / BUBBLE PT.*F 
ENTHALPY, BTU/IB-MOLE 
SPECIFIC HEAT* BTU/LB-MO-F 
FLOW • ENTHALPY* BTU/HR 

COMPOSITION* LB-MOLES/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 monochlorosilane 

11 DICHLOROStLANE 

12 TRICHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/waTER 

16 TOTAL MOLES 


as 

0.10000E 03 
0.51370E 03 

o.iooooe oi 

0* 35294E 00 
0.54397E-01 
0.51968E 00 
0.80142E 01 
Q.3I408E 01 
-0.45403E 03 
-0.12463E 04 
0.31487E 02 
0.0 


116 

O.IOOOOE 03 
0.51370E 03 
O.IOOOOE 01 
0.352QAE 00 
'/.54397E-Q1 
0.S1968E 00 
0.80144E 01 
0.31408E 01 
-0 • ‘'T 03 

•0.12A6JE 09 

0.31982E 02 

0.0 


1 17 

O.IOOOOE 03 
0.57270E 03 
O.IOOOOE 01 
0.3S294E 00 
0.54397E-01 
0.51968E 00 
0.73132E 01 
0.3U08E 01 
-0.45403E 03 
•0.12963E 04 
0.31487E 02 
0.0 


U8 

O.IOOOOE 03 
0.-51Q7QE 03 
0.0 

0. 16082E-01 
0.62400E-01 
0.84745E-Q1 
0.0 

0.25745E 00 
0.21393E 03 
0.45978E 04 
0.96864E 01 
0.0 


a 9 

O.IOOOOE 03 
Q.51070F 03 
O.IOOOOE 01 
0.3S294E OO 
0.S4397E-01 
0.S1968E 00 
0*8051 IE 01 
Q.31402E 01 
•Q.45403E 03 
-0.12463E 04 
0.314R9E 02 

g.o 


0.50435E 00 
0.48940E-03 
0.0 
0.0 
0.0 
0.0 
0.0 

0*1218 1 E-Ol 
0.77807E-05 
0.15757E-02 
0.14273E 00 
0.61250E 01 
0.1/736E 02 
0.0 
0.0 

0.24522E 02 


0.54179E 01 
0.52574E-02 
0.0 
0.0 
0.0 
0.0 
0.0 

0 . 1 3 0 BSE 00 
0.83586E-Q4 
0.16927E-01 
0.15333E 01 
0.65798E 02 
0.19053E 03 
0.0 
0.0 

0.26343E 03 


0.50435E 00 
0.48940E-03 
0.0 
0.0 
0.0 
0.0 
0.0 

0 . 1 21 81 E-Ol 
0 • 77807E-05 
0.15757E-02 
0.14273E 00 
0.61250E 01 
0.17736E 02 
0.0 
0.0 

0.24522E 02 


0.18103E 03 
0.93951E-01 
0.0 
0.0 
0.0 
0,0 
0.0 

0.23740E 00 
0. 19663E-03 
0.57728E-02 
0.2S462E 00 
0.R6644E 01 
0.15445E 02 
0.0 - 
0.0 

0.20573E 03 


Q.45525E 01 
0.44177E-02 
0*0 
Q«0 
0.0 
Q* 0 
0*0 

Q.1099SE 00 
Q.70234E-04 
0.I4223E-01 
Q.12884E 01 
Q.5S289E 02 
0.16009E 03 
0.0 
0.0 

Q*f?2l35E 03 


120 

O.IOOOOE 03 
0 . 5 1 0 7 0 £ 03 
0,0 

0.16082E-01 

0.62400E-01 

0.84745E-01 

0.0 

0.25745E 00 
0.21393E 03 
0.45978E 04 
0.96864E 01 
0.0 


0.18103E 03 
0.93951E-01 
0.0 
0.0 
0.0 
0.0 
0.0 

0.2374QE 00 
0.19&63E-03 
0.5772BE-Q2 
0.25462E 00 
0.86644E 01 
0.15445E 02 
0.0 
0.0 

0.20573E 03 


STREAM NUMBER 

TEMPERATURE* OEG F, 
PRESSURE. PSIA 
LIGUIO FRACTION 
VISCOSITY, CENT IPOISE 
THER.COND,. BTU/HR-FT-F 
OENSITY, LB-MOLE/FT**3 
SURFACE TENSION* DYNES/CM 
PRANOTL number 
OEW PT. / BUBBLE PT,*F 
ENTHALPY* 8TU/LB-MOLE 
SPECIFIC HEAT* BTU/LB-MO-F 
FLOW * ENTHALPY* BTU/HR 

COMPOSITION. LB-MOLES/HR 

1 HYORO&F.N 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CAR80N DIOXIDE 

7 METHANE 

8 HYDROGEN chloride 

9 SILANE 

10 MONOCHLOROSILANE 

a dichlorosilane 

12 TRICHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/WATER 

16 TOTAL MOLES 


122 

0.96100E 03 
Q.51670E 03 
0.0 

0.29062E-01 
0 • 12573E 00 
0.3351 IE-0 1 
0.0 

0.25426E 00 
0.2148 2E 03 
Q.12179E 05 
0.92839E 01 

0.0 


0.18103E 03 
0.93951E-01 
0.0 
0.0 
0.0 
0.0 
0.0 

0.23740E 00 
0.19663E-03 
0.57728E-02 
0.25462E 00 
0.S6644E 01 
0.15445E 02 
0.0 
0.0 

0.E0573E 03 


123 

0.9690 1 E 03 
0.51670E 03 
0.0 

0.28189E-01 
0.1 259 1 E-0 1 
0 • 36394E-01 
0.0 

0.84800E 00 
0.44362E 03 
0.31293E 05 
0.26332E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36206E-Q4 

0.18256E-02 

0.18619E-Q1 

0.10203E 02 

0.19415E 03 

0.0 

0.0 

0.20437E 03 


124 

0.44299E 03 
-0 • 521 TOE 03 
0.0 

0.27952E-01 
0.97127E-02 
0.12550E 00 
0.0 

-0.12221E 01 
0.44484E 03 
0.16114E 05 
•0.16732E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36206E-04 

0.18256E-02 

0.1B619E-01 

0.10203E 02 

0.19415E 03 

0.0 

0.0 

0.20437E 03 


125 

O.IOOOOE 03 
0.95000E 02 
O.IOOOOE 01 
0.35294E 00 
0.54397E-01 
0.51 968E 00 
0.14539E 02 
0.31404E 01 
-0.45403E 03 
"0.1 2463E 04 
0.31454E 02 
0.0 


0.45S25E 01 
0.44177E-02 
0.0 
0.0 
0.0 
0.0 
0.0 

0.10995E 00 
0.70234E-04 
0.14223E-01 
0.12884E 01 
0.55288E 02 
0.16009E 03 
0.0 
0.0 

0.22135E 03 


126 

oaooooE 03 
Q.10000E 03 
Q.10000E 01 
Q.35294E 00 
Q.S4397E-01 
Q.S1968E 00 
Q.U443E 02 
Q.31402E 01 
Q.A5403E 03 
Q.12463E 04 
* 0 * 3 1456E 02 
0.0 


Q.45525E 01 
O.A4177E-02 
0*0 
Q.O 
0*0 
Q.O 
Q.O 

Q.10995E 00 
0.70234E-O4 
Q.14223E-01 
0.12884E 01 
Q.55288E 02 
Q.16009E 03 
Q.O 
Q.O 

Q • 321 35E 03 


127 

0.75002E 02 
0.20000E 02 
O.IOOOOE 01 
0.44965E 00 
0.581 10E-01 
0.50473E 00 
0.18960E 02 
0.36022E 01 
0.15006E 03 
•0.18605E 04 
0.32363E 02 
0.0 ' 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36572E-04 

0.18440E-02 

0.1B807E-01 

0.10306E 02 

0.19612E 03 

0.0 

0.0 

0.20645E 03 


121 

O.IOOOOE 03 
0.52170E 03 
0.0 

o. 16187E-01 
0 • 62650E"0 1 
0 » 86559E-0 1 
0.0 

0.25B10E 00 
0.21S5SE 03 
0.45981E 04 
0.96930E 01 
0.0 


0.18103E 03 
0.93951E-01 
0,0 
0.0 
0.0 
0.0 
0.0 

0.23740E 00 
0.19663E-03 
' 0. 57728E-02 
0.25462E 00 
0.86644E 01 
0.1S445E 02 
0.0 
0.0 

0.20573E 03 


128 

0.75002E 02 
0.52670E 03 
O.IOOOOE 01 
0.44945E 00 
0.58110E-01 - 
0.50473E 00 - 
O.07335E 01 
0.36022E 01 
0.44472E 03 
0.1 8605E 04 
0.32363E 02 • 
0.0 


0.0 

0.0 

0,0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36572E-04 
0.18440E-02 
0. 18807E-01 
0.10306E 02 
0 • 1 961 ?E 03 
0.0 
0.0 

0.20645E 03 


E-20 


STREAM NUMBER 

TEMPERATURE* deg f , 
PRESSURE, PSIA • 

liquid fraction 

VISCOSITY, CENT I POI SE 
THER,COND., STU/HR-FT-F 
DENSITY, LR-MOLE/FT**3 
SURFACE TENSION, OYNES/CM 

prandtl number 

DEM PT. / BUB8LE PT.»F 
ENTHALPY, BTU/LB-MOLE 
SPECIFIC HEAT, BTU/L8-M0-I 
flow * enthalpy, btu/hr 

COMPOSITION, LB-MOLES/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

4 OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

0 hyorogen chloride 

9 SILANE 

10 MONQCHLOROSILANE 

11 OICMIOROSILANE 

12 trichlorosilane 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/WATER 

16 TOTAL MOLES 


STREAM NUMBER 

temperature, DEG F, 
PRESSURE, PSIA 

liquio fraction 

VISCOSITY, CENTIPOISE 
TMER*C0N0., BTU/hR-FT-F 
DENSITY, LB-MOLE/FT •♦O 
SURFACE TENSION, -DYNES/CM 
PRANOTl NUMBER 
DEW PT, / BUBBLE PT.tF 
ENTHALPY, 8TU/L8-M0LE 
SPECIFIC HEAT, BTU/L8-M0-F 
FLOW • ENTHALPY, 8TU/MR 

COMPOSITION, LB-MOLES/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

4 oxygen 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

0 HYDROGEN chloride 
9 SILANE 

10 *qnochlorosilane 

It C -CHLOROSILANE . 

12 TRICHLOROSILANE 

13 SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/waTER 

16 TOTAL MOLES 


TABLE E-V: 1000 MT/YR COMMERCIAL PLANT PHYSICAL 

(continued) . PROPERTIES FOR PROCESS STREAMS (ISSUE 2) 


129 


131 


132 


200 


201 


202 


203 


0 , 35600E 

03 

0.77000E 

02 

0.75Q02E 

02 

0.21700E 

03 

(MUBIE 

03 

0.21900F 

03 

0.13021E 

03 

0*51270 E 

03 

0 • 1 4900E 

02 

0.15QQQE 

0? 

Q.55000E 

02 

Q.69600E 

Q2 

Q.7000QE 

02 

0.654Q0E 

02 

0.10000E 

01 

0.0 


0.0 


0.10000E 

01 

0 • 1 OOOOE 

01 

0,0 


0.0 


0* 1151 1 E 

00 

Q.17845E-01 

0 , 91 282E-02 

0.24725E 

00 

0.22B03E 

00 

0.13769F-01 

0.12398E-01 

0.3B666E-01 

0.14968E-01 

0.1053BE 

00 

0.43561E* 

•01 

Q.43923E-01 

0.S7433E-02 

0.114Q2E-01 

0.36944E 

00 

0.2SBB1E-OH 

0 • ?6 125E-02 

0.44928E 

00 

Q.47663E 

00 

0 , 1 0652E"0 1 

0.10841E-01 

0.22663 E 

01 

0.0 


0.0 


0.11429E 

02 

0 . 10B95E 

02 

0,0 


0,0 


. 0.201 44E 

01 

0, 70090E 

00 

0.72516E 

00 

0.P7560E 

01 

0 • 27782E 

01 

0, 73104E 

00 

0 « 43629E 

00 

-0.45606E 

03 

•0.32022E 

03 

-0.45B38E 

03 

0.21858E 

03 

0,31fll9E 

03 

0. 2216BE 

03 

0.131 OflE 

03 

0.76868E 

04 

0.37234E 

04 

O.36201E 

04 

0.27750E 

04 

0.23306E 

04 

0.12424E 

OS 

0.64616E 

04 

0.44220E 

02 

0.680B4E 

01 

0.69763E 

01 

0.33754E 

02 

0*351 06E 

02 

0,2421 OE 

02 

0.13677E 

02 

0.0 


0.0 


0.0 


0.0 


Q.O 


0.0 


0,0 


0 . 10700 E 02 

0.0 

0 » 1 OOOOE 

01 

0.0 

0*0 

0.0 

0 . 45762 E 

01 - 

0 . 10327 E -01 

O . B 356 SE -02 

0.0 


0.0 

0*0 

0.0 

0 . 44664 E -02 

0.0 

0.0 

0,0 


0.0 

0.0 

0.0 

0.0 


0.0 

0.0 

0,0 


0.0 

Q.O 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

0,0 

0.0 

0.0 


0.0 

0.0 

0.0 


0,0 

Q ,0 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

Q.O 

0.0 

0.0 


0 . 20223 E 00 

0,0 

0.0 


0.0 

0*0 

0.0 

0 . 15419 E 

00 

0 . 10795 E -03 

0.0 

0.0 


0 . 36572 E -04 

Q . 85961 E -02 

0 . 82253 E -02 

0 . 17701 E 

00 

0 . 24570 E -01 

0.0 

, 0.0 


0 , 1 8440 E -02 

0 * 191 40 E -03 

0 . 14563 E -03 

0 . 19813 E 

00 

0 , 35031 E 01 

0.0 

0.0 


0 » 1 8807 E - 0 1 

0 • 28302 E 01 

0 * 1 649 1 E 01 

0 . 73172 E 

01 

0 . 17120 E 03 

0.0 

OcO 


0 . 10306 E 02 

0 . 98070 E 02 

0 . 42800 E 02 

0 . 39200 E 

01 

0.631 QBE 03 

0.0 

0.0 


0 . 19440 E 03 

Q . 21779 E 03 

0 . S 7699 E 02 

0 . 19786 E 

00 

0,0 

0*0 

0,0 


0.0 

o.o 

0.0 

0.0 


0.0 

0.0 

0.0 


0.0 

Q.O 

0.0 

0.0 


0 . 81672 E 03 

0 . 83565 E -02 

0 * 1 OOOOE 

01 

0 . 20473 E 03 

0 . 31871 E 03 

0 . 10216 E 03 

Q . 16545 E 

02 


204 


205 


206 


207 


208 

209 

210 


-G.25600E 

02 

-0.25600E 

02 

0.21900E 

03 

0.21321E 

03 

Q.21740E 03 

0.15960E 03 

0.15440E 

03 

0 . 644 0 OE 

02 

0.70000E 

02 

0.70000E 

02 

0 , 5480 OE 

02 

Q.S5000E 02’ 

0.50200E 02 

0.49200E 

02 

0.1 OOOOE 

01 

0.1 OOOOE 

01 

0 , 1 OOOOE 

01 

0 , 1 OOOOE 

01 

Q.O 

0.0 

0 • 1 OOOOE 

01 

0.24378E 

00 

0.5341 OE 

00 

0.22897E 

00 

0.24720E 

00 

0*1 3625E-0 1 

0.12565E-01 

0.22707E 

00 

0 * 70085E-01 

0.70117E-01 

0.43613E-01 

0.43864E-01 

0 * 54722E-02 

0.54578E-02 

0. 477865-01 

0.71307E 

00 

0.80467E 

00 

0.46870E 

00 

0.45488E 

00 

0 * 82539E-02— 

-0.81692E-02 

0.59886E 

00 

0.39868E 

01 

O.18510E 

02 

0.10801E 

02 

Q.11553E 

02 

Q.O 

0.0 

0.11958E 

02 

0.2031 3E 

01 

0.39783E 

01 

0.27606E 

01 

0.27663E 

01 

0.69409E 00 

0.65977E 00 

0 . 27852E 

01 

•0.45603E 

03 

-0.4S253E 

03 

0.22254E 

03 

0.21537E 

03 

O.21032E 03 

0.16025E 03 

0. 15320E 

03 

-0.34608E 

04 

-0.S9562E 

04 

0.25S49E 

04 

0.25942E 

04 

0.13475E 05 

0.94423E 04 

“0.76712E 

03 

0.19221E 

02 

0.24273E 

02 

0.34939E 

02 

0.33835E 

02 

0.24892E 02 

0.18633E 02 

0.30952E 

02 

0.0 


0.0 


0.0 


0.0 


Q.O 

0.0 

0,0 



0.45762E 

01 

0.23682E-01 

0.0 

0.0 


Q.O 


0.0 


0.0 


0.44664E-02 

0.48757E-Q4 

0.0 

0.0 


Q.O 


0.0 


0.0 


0.0 


0.0 

0.0 

0.0 


0.0 


0.0 


0.0 


0.0 


0.0 

0.0 

0.0 


Q.O 


0.0 


0,0 


0.0 


0.0 

0.0 

0.0 


Q.O 


0.0 


0.0 


0.0 


0.0 

o.o 

0.0 


0.0 


0.0 


0.0 


0.0 


0.0 

0.0 

0,0 


0.0 


0.0 


0.0 


0.1S419E 

00 

0.44245E-01 

0.0 

0.0 


Q.O 


0.0 


0.0 


0.17701E 

00- 

0.59063E-01 

Q.37081E-03 

0.0 


0.0 


0.22081E 

00 

0.22081E 

00 

0.19813E 

00 

0.18395E 00 

0.45771E-04 

0.0 


0.0 


0.31677E 

01 

0, 31677E 

0 1 

0.73172E 

01 

0.72179E 01 

0 • 1 1 89 1 E 01 

0.15242E 

00 

0.14032E 

00 

0 * 77930E 

02 

0, 77930E 

02 

0.39200E 

01 

0.39018E 01 

O.S5270E 02 

0.89263E 

02 

Q.79303E 

02 

0.73036E 

03 

0.73036E 

03 

0.19786E 

00 

0.19754L 00 

0.16009E 03 

Q *88751 E 

03 

Q . 6.9 3’ 1 1 E 

03 

0.13636E 

02 

0.13636E 

02 

0.0 


0.0 

0.0 

0.0 


0.0 


o.o 


0.0 


0.0 * 


0.0 

0.0 

0.0 


0.0 


0.0 


0.0 


0.16545E 

02 

0.1. 02 

0.21655E 03 

0.97692E 

03 

Q.77255E 

03 

0.82531E 

03 

0.82531E 

03 


E-21 


TABLE! E'V: 
CcontiniiGcn 


1000 MT/YR COMMERCIAL PLANT PHYSICAL 
PROPERTIES FOR PROCESS STREAMS (ISSUE 21 


STREAM DUMBER 
TFmPE»ATU»E, Of G f, 

porssuett PS l A . 
i. Mum f faction 

V I SCOSp r t CENT.I POISE 

ther.cond., btu/hr-ft-f 

DENSITY, LH-MOLE/FT «*3 

SURFACE tension/, dynes/cm 
PPANOTL NUMBER 
OEW PT. / BUBBLE PT.,F 
ENTHALPY, BTU/LB-MOLE 
SPFCIFIC HEAT, BTU/L8-M0-F 
FLOW * ENTHALPY, BTU/HR 

composition, lb-moles/hr 

1 hyopoGEN 

2 NITROGEN 

.1 argon 
a Oxygen 

5 CARSON MONOX IOE 

6 CARBON 0 1 OX IOE 

7 METHANE 

A hydrogen chloride 

9 SILANE 

io monochlorosilane 
n dicmlorosilane 

I 2 TRICHLOROSILANE 
n SILICON TETRACHLORIDE 

14 CHLORINE 

15 STEAM/WATER 

)6 total moles 


212 


0.15H00E 

03 

0.HA000E 

02 

0.1 OOOOE 

01 

0*231 1 OF 

00 

0, 476546-01 

0.58357E 

00 

0, 11 731 E 

02 

0.27922E 

01 

0.19592E 

03 

0.5238BE 

03 

0.323A2E 

02 

0*0 



213 

0.15440F 03 
Q • 55000E 02 
0 * 1 0000E 01 
0.227Q7E 00 
0 *47 786E-0 1 
O.S9ftfi6E 00 
0.11B87E 02 
0.2785EE 01 
0.16Q91E 03 
-0*76951E 03 
0.32116E 02 
0.0 


214 

0,154406 03 
0 • 32000E 03 
0.10000E 01 
0.22707E 00 
0«47786E»0 1 
0.59887E 00 
0 » 89654E 01 
0.27372E 01 
0.31857E 03 
-O.78028E 03 
0.31556E 02 
0*0 


215 

0*1 5800E 03 
0 • 8SOOOE 02 
0 * 1 0000E 01 
Q • 22906E 00 
Q.47564E-01 
0.R8396E 00 
0 • 1 1 606E 02 
Q.P7076E 01 
Q.8Q173E 03 
-0.53680E 03 
0.3J58AE 02 
0*0 


211 

0* 15440E 03 
0.32000E 03 
0 . 1 00 OOF 01 
0.22707E 00 
0.A77B6E-01 
0.59886E 00 
0.8R6S3E 01 
0.27376E 01 
0.31857E 03 
-0.7B827E 03 
0*315606. 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 .22081 E 00 
0.31677E 01 
0.77930E 02 
0.73036E 03 
0.13636E 02 
0.0 
0.0 

0.82531 E 03 


0.0 

0.0 

0.0 

0.0 

0*0 

0.0 

0.0 

0.0 

0.96983E-01 
0.13967E 01 
0.331AAE 02 
0.27672E 03 

0*4031 3C 02 
0.0 
0.0 

0.351 71 e 03 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.123A5E 00 
Q.17710E 01 
0.43569E 02 
0 . A0833E 03 
0.7623AE 01 
0.0 
0.0 

0.A61A2E 03 


0.0 

0.0 

o.o 

0.0 

0.0 

0.0 

0.0 

0.0 

0.97359E-01 
0.13967E 01 
0.3A361E 02 
0.32203E 03 
0.60122E 01 
0.0 
0.0 

0.36390E 03 


Q « 0 
0.0 
0*0 
0.0 
0.0 
0.0 
0*0 
0*0 
Q . 0 

0*8661 IE-02 
Q. 233846 01 
0.3A296E 03 
Q.6A000E 01 
Q . 0 
0.0 

Q*351 71E 03 


216 

0.15800F 03 
0.85000E 02 
0*100006 01 
0.22906E 00 
0.A756AE-01 
O.50396F 00 
0.11606E 02 
0.27076E 01 
0*201736 03 
-0.53680E 03 
0.31584E 02 
0.0 


0*0 

0.0 

0*0 

0.0 

0.0 

0.0 

0.0 

0.0 

0*0 

0.86692E-02 
0.23A08E 01 
0.3A330E 03 
0.6A06AE 01 
0.0 
0*0 

0.35206E 03- 


STREAM NUMBER 

TEMOERATuPE, deg f . 

PRESSURE, PSIA 
LIQUID FRACTION 
VISCOSITY, CENTIPOISE 
TMFR.COND.. PTU/HR-FT-F 
DENSITY, LB-M0LE/FT**3 
SURFACE TENSION, OYNES/CM 
PRANOTL NUM8ER 
DFw or. / BUBBLE PT.,F 
ENTHALPY. BTU/LB-MOLE 
SPECIFIC HEAT, BTU/L8-MO-F 
FLOW * ENTHALPY, BTU/HR 

OPPOSITION, LR-MOLES/HR 

1 hydrogen 

2 NITROGEN 
1 ARGON 

A OXYGEN 

5 CARBON MONOXIOE 

6 CARBON DIOX JOE 

7 methane 

* HYDROGEN CHLORIDE 
9 SILANE 

in monochlorosilane 

II DtCMLOHOSlLANE 
I? TRtCMLOWOSlLANE 
I 3 SILICON TETRACHLORIDE 
1A Chi or INF; 
is STf AM/*. A TER 
is total moles 


218 

0* 3273 1 E 03 
0 . 32000E 03 
0.0 

0.17560E-01 

0.8260AE-02 

0.5A896E-01 

0.0 

0.99787E CO 
0. 328006* 03 
0.11777E 05 
0.3837AE 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Q.36586E-01 
0.93461E 01 
0.H6392E 03 
0.13aaaE 02 
0.0 
0.0 

0.B367SE 03 


219 

0.25650F 03 
0.31510E 03 
0.0 

0.15AR8E-01 

0.90088E-02 

0.S7085E-01 

0.0 

0.33237E 00 
0.25792E 03 
0.767926 OA 
0.10A68E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.25337E 01 

0.10R01E 03 

0.AU13E 03 

O.S8100E 02 

0.19A66F-01 

0.0 

0.0 

0.58279E 03 


220 

0.2A879E 03 
0.32000E 03 
0.10000E 01 
0.96507E-01 
0 . 32589E-0 1 
0.61913E 00 
0.321A4E 01 
0.13377E 02 
0.23801E 03 
0.20197E OA 
0.9AA1AE 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.20706E 01 
0.B8272E 02 
0.338A5E 03 
0.A7AB2E 0? 
0. 15909E-01 
0.0 
0.0 

0.A7629E 03 


221 

0.2A879E 03 
0.31A10E 03 
0.10000E 01 
0.96508E-01 
0.32589E-01 
0.6191 3E 00 
0*3231 8E 01 
0.13375E 02 
0.23612E 03 
0. 20228E OA 
0.76570E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0,0 

0.25337E 01 
0 • 1 080 IE 03 
0 * A 1 A 1 3E 03 
0.S8100E 0? 
0.19A66E-01 
0.0 
0.0 

0.58279E 03 


222 

0.2A879E 03 
0.5SC00E 03 
0 * 1 OOOOE 01 
Q.965Q8E-01 
Q.32589E-01 
Q.61913E 00 
0*259 1 5E 01 
0 . I3A79E 02 
0,297726 03 
0*1 8638E OA 
0*>839AE 03 
Q.O 


0*0 


0,0 

0*0 

0*0 

0.0 

0*0 

Q.46304E 00 
0*197396 02 
0.75684E 02 
Q* 106.1 8E 02 
0.35575E-02 
Q.O 
0*0 

0* 10651E 03 


223 

0.12200E 03 
0.5A900E 03 
0.10000E 01 
0* 1961 7E 00 
0.50254E-01 
0.76073E 00 
0.59398E 01 
O.20O27E 01 
0* 29750E 03 
-0.28700E OA 
0.29015E 02 
0.0 


0*0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0,0 

0 • 4630 AE 00 
0.19739E 02 
0.7S68AE 02 
0.10618E 02 
0.3557SE-02 
0.0 
0.0 

0 . 1 0651 E 03 


217 

0.3268QE 03 
0.31990E 03 
0.10000F 01 
0 • 99677E- 0 1 
0.A2SA6F-01 
0.A518SE 00 
0.31838E 01 
0.17A1AE 01 
0.32716E 03 
0.52B65E OA 
0.A170AE 02 
0,0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 • 452S5E-0 1 
0.11687E 0? 
0.12072E OA 
0.19851E 0? 
0.0 
0.0 

-0 • 1 2388E 0 a 


22a 

0 • 1 2200E 03 
0.S4800 r 03 
0.10000E 01 
0.173A7E 00 
0.510A2E-01 
0.72A72E O0 
0*58 1 0 1 E 01 
0.2274AF 01 
0 , 2 1 A 1 OF 03 
0, 191AAE OA 
0 ,27053 r 02 
0,0 


0,0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0,0 

0 » 1 ? 1 9 1 E 02 
0 « 1 83S3F ft? 
0.A366HL 0? 
0.3l8O«E 02 
O.3970AE 00 
0.0 
0,0 

0, 1 0 65 1 E 0 3 


E-22 


TABLE E-V: 
(continu ed'} 


1000 mt/yr COMMERCIAL plant PIIYSTCAI 

rooi-Bwin s poi; process sZ»T ^?!;., 2) 


STREAM NUMBER 

TEMPERATURE. OFG r. 

PRESSURE, PS J A 
LI Win f'RACtfON 
viscosity, centipoise 
TNFR.COND*. HlU/HR-FT-F 
DENSITY. L.R.HO L E/FT»*3 

TENS I ON t DVNEO/CM 
PPANDTL NUMHfcW 
DEW Pf, / BUBBLE PT. ,F 
ENTHALPY, RTU/Lb-MOLE 
SPEC I r j c HEAT, BTU/iB-H O-F 

flow • enthalpy, btu/mr 
composition, lr-moles/hr 

1 HYDROGEN 

2 NITROGEN 

3 ARGON 

* oxygen 

5 CARRON MONOx IDE 

6 CARBON OIOXIDE 

7 METHANE 

b hydrogen chloride 
9 silane 

10 MONOCMLOROSILANE 

n oichlorosilane 

12 TRlCHLOKOSlLANF 
J3 silicon tetrachloride 

I* CHLORINE 
15 STEAM/WATER 
*6 TOTAL moles 


Q. 267Q11; 03 
0.36000E 03 
0.10000E 0} 
0.93603E-0. 
0 * 3 3 1 8 1 £ - 0 1 
0.57255E 00 
0.32051E 01 
0.21A57E 01 
0,259fl8£ 03 
0.30813E 0A 
0.30678E 02 
0,0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.36568E 
0.18351E 
0 . A 366 AE 
0.31895E 
0.39780E 
0.0 
0.0 

0.9A673E l 


0.26701E 03 
0.36000E 03 
0.10000E 01 
0.93602E-01 
0.33lRlf-ol 
0.57255E 00 
0. 32051 £ 01 
0.21A5AE 01 
0.259R8E 03 

0.3081 3E 04 
0.3067AE 02 
0.0 


-0.25708E 02 
O.35A00E 03 
0.0 

0. 1 0388E-0 1 
0.98 7Q6E-0? 
0.11008E 00 
0.0 

-0.1 7099E 00 
•0.19856E 02 
0. 1 A 093E 04 
0.22396E 0? 
0.0 


"0.2570HE 0? 
0 * 3 5 5 1 0 E 03 
0.0 

0 . 1 039NE-Q j 

0 . 9R824F-0? 
0.11066E 00 
0.0 

“0.17093E 00 
“0.1 964 3E 0? 
0.1A093E 0A 
0.22396E 02 

0.0 


-0.2S708E 02 
0.3SA10E 03 
0 * 1 0 0 0 0 E 01 
0.K672AE-01 
Q.A6522L-01 
0 • 90235E 00 
0.30695E 01 
0 • 20566E 01 
-Q.>0836E 02 
*0 * 22003E 0A 
0.32396E 02 
0*0 


0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0.36572E-0A 
0.18353E-02 
0.A3G68E-02 
0. 31 89RE -02 
0.3978AE-0A 
0.0 
0.0 

0.9A682E-02 


0.11825E 02 0.378A0E 02 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.11825E 0? 


0.0 

0.0 

0*0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.M 707E 02 
0*0 
o.o 
o.o 
o.o 
o.o 
O.o 


-0.25708E 02 
0 • 3600 OF 03 
O.IOOOOE 01 
0.5672AE-01 
0.A6522E-01 
0.90235E 00 

O. 3050 7F 01 

P. 20566E 01 
•0.18698E 02 
’0.22003F 0A 
0.22396E 02 
0.0 


0.3784QE 02 0.U 707E 02 


0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.0 

0.0 

0 . 2601 5 E 02 
0.0 
0.0 
0.0 
o.o 
0.0 
o.o 

0.26015E 02 


-0.25708E 02 
0.37A10E 03 
0.0 

0. 1 0560E-01 
0 • 1 0 1 0 1 E - 0 1 
0.12122E 00 
0.0 

-0.16986E 00 
-0.16028E 02 
0.1A093E OA 
0.22396E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 1182 AE 02 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0 . 11824 E 02 


STREAM NUMBER 

TEMPERATURE* DEG F. 
PRESSURE, psia 
L I DU ID FRACTION 
VISCOSITY, CENTIPOISE 
THEW.COND. , BTU/HR-FT-F 
OENStTY. LB-MOLE/FT**3 
SURFACE TENSION. DYNES/CM 
PRANDTL NUMBER 
OEW p T « / HUBBLE PT..F 

ENTHALPY. BTU/L8-M0LE 

r. P n5 IFIC HF4T * bt LI/LB-MO-F 

FLOW . ENTHALPY, BTU/HP 

COMPOSITION. LB-MOLES/HR 

1 HYDROGEN 
? NITROGEN 
3 ARGON 
A OXYGEN 

5 CARBON MONOXIDE 

6 CARBON DIOXIDE 

7 METHANE 

8 hydrogen chlorioe 

9 SILANE 

10 MONOCMLOROSILANE 

11 OICHLOROSILANE 

12 tricmlorosilanf 

13 silicon tetrachloride 
ia chlorine 

15 STEAM/ WATER 

16 total moles 


0.12600E 03 

0 . 3 7 A 1 0 e 03 

0.0 

0. 12786E-01 
0. 1 3768E-01 
0.66750E-01 
0.0 

0 • 6985A£ 00 
-0.16028E 02 
0.29SA8E OA 
0.99875E 01 
0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

Q . U 82 AE 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0 . 1 182 AE 


0.12600E 03 
0.2SOOOE 02 
0.0 

0. 1 2223E-0 1 
-0.125B2E-01 
O.A0055E-02 
0.0 

0.63388E 00 
“0 • 1 A902E 03 
0. 33291 E OA 
0.B6635E 01 
0.0 


0, 

0. 

0. 

0. 

0. 

0. 

0. 

0. 

02 0. 


» 1 1 8?ae 02 
>0 
>0 
.0 
0 
0 
0 

1I82AE 02 


0.32751E 03 
0.32000E 03 
O.IOOOOE 01 
0.99A86E-01 
0.A2594E-01 
0.A508AE 00 
0.31721E 01 
0.18705E 01 
0.32753E 03 
0*531 91 E OA 
0.AA987E 02 
0.0 


0.1S800E 03 
0.85000E 02 
O.IOOOOE 01 
0.22906E 00 
0 * A756AE-0 1 
' 0.S8396E 00 
0.11606E 02 
0.2707HE 01 
0.20173E 03 
■0.53680E 03 
0.31586E 02 
0.0 


0.0 

0.0 

0.0 

0.0 

O.o 

0.0 

O.o 

O.o 

0.0 

0. 86692E-02 
0.23A0HE 01 
0 • 3<*330f 03 
0.6406AE oi 
0.0 
0.0 

0.35206E 03 


0.0 

0.0 

0.0 

0,0 

O.o 

0,0 

o.o 

o.o 

0.0 

0.R6693E-0S 
0.23AQ8E-02 
0.3A330E 00 
0 . 6A06AF - Op 
0.0 
0.0 

0.J5206E 00 


0.217A0E 03 
O.S5000E 02 
O.IOOOOE 01 
Q.2A705E 00 
Q-A3532E-01 
0*A489Se oo 
0 * M A 1 3E* 02 
0* 275 3 OF 01 
0 • 3 1 8 7 OF 03 

0-279Q5E OA 
0.33733E 0? 
0*0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

Q.O 

0.0 

o.o 

0. >?099f -0 1 
Q.99S99E 0! 
O.lRAWf 0 3 

0.0 

0.0 

Q . 20 A 36 E 03 


0.26701E 03 
0.36000E 03 
0.10000F 01 
0 • 93602F -0 l 
0.33181E-01 
0.5725AE 00 
0.32051F 01 
0.21A56F 01 
0.25988E 03 
0.30ft]3E OA 
0.3067BE 02 
0.0 


0.36572F 00 
0.1P3S3F 02 
0.A366HF 02 
0.31H98F 02 
0 . 397AA £ 00 
0.0 
0.0 

0.9A8M2E 02 


-0.25708E 0? 
0.35A10E 03 
0.0 

0. 10388E-01 
0 • 987 1 7E-02 
0. 1 1013E 00 
0,0 

•0.17099E 00 
•0.19836E 02 
0.1A093E OA 
0.22396E 02 
0,0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.11824E 00 
0.0 
0.0 
0,0 
0.0 
0.0 
O.o 

0 . 1 1 8?4E 00 
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TAB 1,1; G-V: 
(conti miod) 


1000 MT/YR COMMHRCIAL PLANT PHYSICAL 
PUOPPRTII'S FOR PROCI'.SS STRl-AMS (1SSHH 


2 ) 


SWlftM M 

T l wi*I MAThwi , pf 0 F . 
PHlS’.URE, PS l A 

liquid » faction 

V rscusl T > . C£N1 1 POI St 
ThEH.COND., HTd/hR-FT-F 
oiNsm* lh-moi F/ rT «*3 
MIHFAfE T f NS I ON t DYNES/CM 

pRandil number 

Ofw *>T. / IUIH8I.E PT.,F 

FNThai PY , HUi/LH-MOLt 
S pt C1F ir Hf AT, 8TU/LH-MO-F 
FLOW • F N T hAlH Y • HTU/MR 

COMPOSITION. LB-MOLFS/HR 

1 HYDROGEN 

2 NITROGEN 

3 ARC. ON 

4 OXYGEN 

5 CARBON MONOX I or 

6 CARBON DIOXIDE 

7 METHANE 

8 HYDROGEN CHlOR I OF 
R SILANF 

10 MONOCMLOROS IL ANF 

11 OICMLOROSILANF 

1 ? TRlfhl OROSILANF 

1 3 SILICON Tf T RAChLOR IDF 

1 4 CMLORINF 

is STFAM/wATfR 
16 total MOLLS 


24 2 


24 3 

300 

301 

- 

30 3 


30 7 


308 


0.2S70U 

03 

0.267011 OJ 

0.7 70 OOF 02 

0. 1S621I 

04 

0. 1 1 POOF 

04 

0.26000F 

04 

0. 11 20 OF 

Oh 

0.36000E 

03 

0.360001 03 

0.2S000F 02 

0.200001 

02 

0.200001 

02 

0.200001 

02 

0, 200001 

02 

0 . 1 0000 1 

01 

0.0 

0.0 

0.0 


o.o 


0.0 


0.0 


0.81 Q62t -0 1 

0. 1S900E-01 

0.1 129SE-01 

0.230S6E 

-01 

0.27S79E 

-01 

0. 30414 E -01 

0. 192S3F-0 1 

0,318911 -01 

0.968481 -02 

0.1 09H9L-01 

0.29363E 

00 

0 . 8868 1 f 

-01 

0. 39094F 

00 

0.2477 ir 

00 

0.S7 1 OSE 

00 

0.630 7SE -0 1 

0 • 4 J 8 0 8 1 - 0 2 

0.921S7E 

-03 

Q.11794E 

-02 

0.60901E -03 

0. 1 1 7 9 4 E - 0 2 

0.2S998E 

01 

0.0 

0.0 

0.0 


0.0 


0.0 


0.0 


0.19396E 

01 

0.46834F 00 

0.6S82JE 00 

0.6616SF 

00 

0. 1866U 

00 

0.74S74F 

00 

0. 86S08F 

00 

0.2288 7E 

03 

0 • 2S98SE 03 

- 0 • l 49 02E 0 3 

-0. 2 78M E 

03 

-Q. 17461E 

03 

-0.45B34F 

03 

-0 • 4S849F 

0 3 

0. 3**003h 

04 

0.74-.SBF 0* 

0.29085E 04 

0* 14134 E 

OS 

0. 1 0740E 

OS 

0.22063E 

OS 

0. 1 0RS2F. 

os 

0. 1 9062E 

02 

0.10S84I 02 

0.8S034E 01 

0. 728S2F 

01 

0 . 06962F 

01 

0.79883E 

01 

0. 713UL 

01 

0.0 


0.0 

0.0 

0.0 


Q.O 


0.0 


0.0 



0.0 


0.0 

0.0 


0,0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.0 


0,0 

0.0 


0*0 


0.0 

0.0 


0.3666 OF 

01 

0 * 3 3 0 0 3 E 01 

o.l 1824E 

02 

0 .47S4 3E 

02 

o.?9 i oor o? 

0.0 


0.73239L 

02 

0.29S71K 02 

0.0 


0 • ** 34 h 3E 

02 

0.11S4SE 02 

0.0 


0.4 7424L 

00 

0. /6h03K-01 

0,0 


0.0 


0.0 

0.0 


0.0 


0.0 

0.0 


0.16837L' 

03 

0.73683E 02 

0.1 1824F 

02 


0.23S.31E 0? 

0.46089F-01 

0.0 

0,0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0*0 

0.0 

0.0 

0.0 

0.59122E-01 

Q.S9122E-01 

0.0 

0.0 

O.o 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

Q.O 

0.0 

0.0 

0.0 

0.0 

0.0 

o.o 

0.0 

0.23S90L 02 

Q.10S21E 00 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


1 


STREAM NUMBER 


311 


31.? 313 


3U ?<*00 


?40l 


240“* 


rr'MPFQA turf » deg f # 
pressure* ps i a 

L I .111 i n ^ rac T i ON 
VISCOSITY. CENTIPOISK 
TMfR.CONn.. BTU/MR-rr-F 
DENSITY, I P-MOLC/F T»*3 
SURF ACL TENSION* DYNES/CM 
PRANOTL NUMBER 
dew * j t. / bubble pt..f 
F N T m a l P V * BTU/LH-MOLE 
SPECIFIC HI AT. BTU/LH-mO-F 
FLOW * INIMALPY. BTU/HR 

COMPOSITION. LH-MOLES/hR 


0.1S621F 04 
0.20000E 02 
0.0 

0 • 22M33E “0 1 
0.2RS4U 00 
0.R21S7L-03 
0.0 

0.67A90E 00 
•0 * 4S847E 03 
0*1 4 USE OS 
0 . 7 .3 1 R RE 01 

0.0 


0.10000F OJ 
0.1S800E 02 
0.0 

0.94 1011-02 
0.109S4F 00 
0.262801 -02 
0.0 

0.7 192 U 00 
0.4SB39E 03 
0.3B02SE 04 
0.S9;04E 01 
0.0 


0.3 00 OOF 03 
O.ssOOOt 03 
0.0 

0.1 1SH0E-01 
0.14226E 00 
0.6627SE-01 
0.0 

0.680HHE 00 
-0.4S846H 03 
O.S.MSRE 04 
0.6970SE 01 
0.0 


Q.77000E 02 
O.SOOOOE 0? 
0.0 

0.91464E -02 

O.lOSNlt 00 
0.866J2fc-02 
0.0 

0.72381E 00 
0.4SB3HE 03 
0 . 364 3 1 F 04 
0.6978SL 01 
0.0 


0.10000F 03 
0.20000E 02 
0*0 

Q.1B3M0E-01 
0. 1SS07F-01 
0 * J 3 3 1 1 E - 0 2 
0.0 

Q.0Q96?£ 00 
-0.31SS4E 03 
0.J8794F 04 
0.68363E 01 
0.0 


0.10000 F 03 
0 • 200 OOF 02 
0.0 

0. 18380F-01 
0. 1SS07F-01 
0.3331 IE-02 
0.0 

0.69967F 00 
0.31SS4F 03 
0.387R4F 1)4 
0.68 36 JF 01 
0.0 


0.10000K 03 
0.20000F 02 
0.0 

0. 1 8 380E-0 1 
0. 18S07F-01 
0*3 331 1 E - 0 2 
0.0 

0.69Q67E 00 
-Q.31SS4F 03 
0.3R794F 04 
0.6836 U. 01 
0.0 


1 

hydrogen 

0 . 23484 F 

02 

0 . 23484 { 

02 

2 

NITROGf N 

0.0 


0.0 


3 

ARi.PN 

0.0 


0.0 


4 

OXYGEN 

0.0 


0.0 


q 

CARBON MONO XI OF 

0.0 


0.0 


6 

CARBON OKU IOt 

0.0 


0.0 


7 

met MAN! 

0.0 


0.0 


rt 

HHiROGEN chloride 

0.0 


0.0 


9 

Ml ANf 

0.0 


0.0 


10 

moNOChlOHOSILANE 

0.0 


0.0 


1 1 

0 1 ('HI OROSH.ANE 

0.0 


0.0 


12 

trithlorostlane 

0.0 


0.0 


1 1 

SIl ICON T 1 t MAC hi. OR I DE 

0.0 


0.0 


1 4 

CHI. OR INI 

0.0 


0.0 


is 

STf AM/wATFR 

o.o 


0.0 


16 

total moles 

0 . 23484 L 

02 

0.2 14841 

02 


0.288 74 E 

02 

0.S089U 

01 

Q.O 


0.0 


0.0 

0,0 


0,0 


Q. 179S0F 

01 

0.S98JJE 

00 

0.80090F 

0.0 


0.0 


Q.O 


0.0 


0,0 

0 • 0 


0,0 


Q.O 


0.0 


0.0 

0.0 


0,0 


Q.O 


0.0 


0,0 

0 . 0 


0.0 


Q.O 


0.0 


0,0 

0.0 


0.0 


0*0 


0.0 


0.0 

0.0 


0.0 


Q.O 


0.0 


0.0 

0.0 


0.0 


0*0 


0.0 


O.o 

0.0 


0.0 


0.0 


0.0 


0.0 

0.0 


0.0 


Q.O 


0.0 


0.0 

0.0 


0.0 


Q.O 


0.0 


0.0 

0.0 


0,0 


Q.O 


0 • 0 


0.0 

0 • 0 


0.0 


Q.O 


0.0 


0,0 

0.0 


0,0 


Q.O 


0.0 


0.0 

0.28S74 t 

02 

0.S08911 

01 

0 . ) 79H0E 

01 

0,898 UE 

00 

0.800901 


01 


01 


2 


li-24 


TABLE E-V: 
(continued! 


1000 MT/YR COMMERCIAL PLANT PHYSTPAj 
■ gBMW PROCESS iSfS, 


STREAM NUMBER 

TEMPERATURE, OEG F , 
PRESSURE, PSIA 

Lrouio FRACTION 
viscosity, CENTIPOISE 
ther.cono., BTU/HR-FT-F 
density, LR-MOLE/rr**3 
surface TENSION, oynes/cm 
prandtl number 
OEW PT. / bubble pt.,f 
enthalpy, btu/lb-mole 

SPFCIFIC heat, BTU/L8-M0-F 
FLOW * ENThAlPy, 8TU/HR 

COMPOSITION, LB-MOLES/HR 

1 HYDPOGEN 
* NITROGEN 
ARGON 
OXYGEN 

CARBON MONOXIDE 
CARBON DIOXIOE 
METHANE 

8 HYDROGEN CHLORIDE 

9 SILANE 

10 monochlorosilane 

11 DICHLOROSILANE 

12 trjchlorosilane 

!? 5 ILIC0N tetrachloride 
i* chlorine 

15 STEAM/WATER 

16 TOTAL MOLES 


24Q* 

-0.45969£ 03 
0.0 
0,0 
0,0 
0,0 - 
0,0 
0,0 
0,0 

-0.4S969E 03 
0,0 
0.0 
0,0 


0.0 
0,0 
0,0 
0,0 
0.0 
0,0 
0.0 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 - 
0.0 
0.0 


2600 

-0.45969E 03 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

*2*i 5969E 03 -°«*5969E 03 

0.0 0.0 


2601 

-0.45969E 03 
0.0 
0,0 
0.0 
0,0 
0.0 
0,0 
0.0 


03 


0.0 

0.0 


0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 


O.o 

O.o 


0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.o 
0,0 . 
0.0 
O.o 
0.0 
0.0 
0.0 
0.0 
0.0 


2*02 
-Q.45969E 

o.o — 

0.0 

o.o 

0.0 

o.o 

0,0 

0.0 

“ 0 . 45969 E 03 
0.0 
0.0 
o.o 


o.o 
0.0 
0.0 
0,0 
o.o 
o.o 
o.o 
0.0 
0.0 
o.o 
0,0- 
0.0 
o.o 
O.o * 
o.o 
0.0 


2S01 

-0»95969E 03 
0*0 
0,0 
0*0 
0.0 

0.0 — 

0*0 
0*0 


2502 

•0.45969F 03 
0.0 
0.0 
0.0 
0,0 
0.0 
0.0 
0.0 


-0*A5969E 03 -0.45969E 03 
2*2 0.0 

2*2 0.0 

Q *° 0.0 


0*0 
Q • 0 
Q.O 
0*0 
0*0 
Q.O 
Q.O 
Q.O 
0.0 
Q.O 
0.0 
Q.O 
0.0 
o.o 
o.o 

Q.O 


0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0.0 

0.0 

0.0 

0,0 

0.0 

0.0 

0.0 

0.0 


1500 

0.75002E 02 
0 . 1 500 0E 02 
0.0 

0.912A2E-02 
0.1053BE 00 
0.26125E-02 
0,0 

0 , 72516E 'oo 
-0.45838E 03 
0, 36281 E 04 
0.69763E 01 
0.0 


0 . 10000 E 01 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.o 
0.0 
0.0 

0.10000E Oi 


STREAM NUMBER 

temperature. DEG F. 
PRESSURE, PSIA 
LIQUID FRACTION 
VISCOSITY, CENTIPOISE 
THER.CONO., 8TU/HR-FT-F 
DENSITY, LR-MOLE/FT**3 
surface TENSION, DYNES/O 
PRANDTl NUMBER 
DEW PT, / BUBBLE PT.,F 
52THALPY, 8TU/LB-M0LE 

FLflw 1 * 1 ^ 8 Tu/ LB-M0- 

ELOW • ENTHALPY, BTU/HR 

— COMPOSITION. LB-MOLES/HR 


1 hydrogen 

2 NITROGEN 

3 ARGON 

4 oxygen 

5 CARSON MONOX IOE 

6 carbon dioxide 

7 METHANE 

8 hydrogen chloride 

9 SILANE 

10 MONOCHLOROSILANE 

11 DICHLOROSILANE 

12 TrichlOROS ILANE 

i-T silicon tetrachloride 

14 CHLORINE 

15 STEAM/WATER 

16 TOTAL MOLES 


1501 

0.75002E 02 
0 • 1 5000E 02 
0.0 

0. 91 282E-02 
0.10S38E 00 
0.26125E-02 
0.0 

0.72516E 00 
-0.45838E 03 
0* 3628 IE 04 
0.69763E 01 
0.0 


0.10000E 01 
0,0 
0.0 
0.0 
0.0 
0.0 
0.0 


0.0 

0,0 

0.0 

0.0 

0.0 

0,0 

0, 1 Q000E 01 


E-2S 


